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ABSTRACT

A cloned esterase and several cytoplasmic proteins which lack a classical cleavable signal-peptide were secreted during late stationary phase in B. subtilis. Several lines of evidence
indicate that secretion of enolase, SodA, and Est55 is not due to cell lysis. The extent of possible
release of these proteins mediated by membrane vesicles into the medium was also found to be
minimal. We have identified a hydrophobic α–helical domain within enolase that contributes to
the secretion specificity. Thus, upon the genetic deletion or replacement of a potential membrane-embedding domain, the secretion of plasmid-encoded mutant enolases is totally blocked,
while that of the wild-type chromosomal enolase is not affected in the same cultures. However,
mutations on the conserved basic residues flanking the hydrophobic core region show no effect.

GFP fusion experiments demonstrate that minimal length of N-terminus 140 amino acids and its
tertiary structure are required to serve as a functional signal for the export of enolase.
Transcriptome analysis revealed several interesting patterns in gene expression when the
cell growth switches from exponential phase into stationary phase. As expected, once cell growth
enters the stationary phase, expressions of most SigA-dependent house-keeping genes (for syntheses of ATP, amino acids, nucleotides, ribosomes), and surprisingly secY and yidC homolog in
the Sec-dependent general protein secretion system were significantly decreased; however, secA
and sipT were found progressively induced in the stationary phase. The sigB gene and the SigB
regulon exhibited a distinct pattern of transient induction with a peak in transition phase. A total
of 62 genes were induced by three fold after cessation of SigB-dependent surge, which includes
sigW and many of SigW-depedent genes specifically for antitoxin resistant genes, and some unknown function genes. In addition, oxidative stress response and damage repair genes also dominantly induced in stationary phase implied a high level of oxidant or thio-depleting agents in stationary phase. Besides, induction of fruRAB at T40 and gap operon at T100 suggested a sequential switch of carbon utilization from glucose to fructose. These results indicate a complex adaptation physiology as Bacillus cells change from the fast growing exponential phase toward the
stationary phase.

INDEX WORDS: Est55, signal-less protein, enolase, secretion, EM domain,
hydrophobicity, sigma factor, microarray, Bacillus subtilis
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INTRODUCTION

Protein secretion is an essential function of many kinds of cells for various purposes. Recent biochemical and genetic work in bacteria has revealed, in addition to the
general sec-dependent pathway, several diverse pathways, through which proteins are
secreted across Gram-positive and Gram-negative bacterial membranes. Much of genetic
and biochemical work has been focused in Escherichia coli because of the ease of genetic
manipulation (Oliver and Beckwith 1981; Danese and Silhavy 1998), and the early development of in vitro translocation systems (Tai, Tian et al. 1991; Pugsley 1993; Manting
and Driessen 2000). Though the secretory pathways in bacteria have been remarkably
similar, there are also differences. Gram-positive bacteria are capable in producing various proteins and then secret them into growth medium. The single membrane of grampositive bacteria, in particular Bacillus subtilis which secretes large amounts of various
enzymes, offers unique opportunities and attracts much early attention (Tjalsma 2004).
These eubacterial species are particularly attractive for this purpose because they have a
high capacity to export proteins into the growth medium and because of their nonpathogenicity. For these reasons, Bacillus subtilis is a good model on investigating protein export mechanism. Moreover, B. subtilis has been the prototype model system for
studying the unique features of Gram-positive bacteria, including the development towards sporulation (Abraham L. Sonenshein 2001). Nevertheless, the literatures on protein
secretion and related events in B. subtilis are vast.
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B. subtilis and protein secretion. The genome of B. subtilis 168 is 4,215 kb in
length and contains about 4,100 genes that are predicted to encode over 250 extracellular
proteins; the majority of them are secreted through the aforementioned pathways (Hirose
2000; Antelmann 2001). Protein secretion is essential for bacteria to survival in a natural
environment. Bacteria can produce a large amount of proteins to maintain their physiological function (Christine Eymann 2002). Four protein secretion pathways in Bacillus
subtilis have been well studied. The majority of secretory proteins are exported from the
cytoplasm by the Sec pathway with a signal peptide that is cleaved during translocation
across membrane (Simonen 1993). Some proteins are secreted to the medium via the Tat
pathway (twin-arginine translocation) (Tjalsma 2000). Small numbers of proteins are exported through the dedicated pseudopilin export pathway (Com) which is also responsible
for competence development. The fourth pathway, the ATP-binding cassette (ABC)
transporters are only for few dedicated proteins (Tjalsma 2000).

Tjalsma et. al., 2004 Microbiol Mol Biol Rev 68(2): 207-233
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Lysis or secretion? Proteomic studies revealed more secreted proteins than previous prediction. The genome-based predictions reflect only 50% of the actual composition of the extracellular proteome. This significant discrepancy is mainly due to the difficulties in the prediction of extracellular proteins lacking signal peptides (including cytoplasmic proteins) and lipoproteins (Hirose 2000; Antelmann 2001). It is not quite certain
whether some of these proteins identified by proteomic analysis were released due to cell
lysis (Stephenson 1999; Vitikainen 2004) or even significant since the distribution of
these proteins in the cytoplasm and medium was not quantified (Hirose 2000; Antelmann
2001). These findings suggest that in addition to well known secretion pathways, B. subtilis can utilize alternative mechanisms to release such signal-less proteins to their environment (Tjalsma 2004). Recently, several publications have indicated many proteins are
secreted via shedding of membrane vesicles in Gram-positive bacteria (Tjalsma 2004;
Mashburn-Warren 2006; Lee 2009). It is also not clear how significant is the extent of
such release by membrane vesicles since no quantification has been attempted.

Most of the signal-less proteins are major cytoplasmic proteins and the functions
of the proteins have been identified, hence, several proteomic publications have suggested that the presence of the signal-less proteins are due to cell lysis (Simonen 1993;
Tjalsma 2000; Petersohn, Brigulla et al. 2001). On the other hand, Bendsten et al. predicted that signal-less proteins could be secreted into growth medium and these proteins
may follow other unknown mechanism instead of cell lysis (Bendtsen 2005).
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Moonlighting cytoplasmic proteins. The protein Est55 of Geobacillus has been
cloned in our lab and successfully expressed in Bacillus subtilis (Ewis 2004). This protein
is neither Sec- nor Tat- dependent, and this protein does not utilizes ATP or proton motive force as energy source. It has been suggested that a novel secretion system may be
involved in the signal-less protein secretion. Several signal-less proteins have been found
in growth media in the stationary phase and these proteins are abundant in the cytosolic
compartment. These proteins have defined cytosolic functions but the reason and the mechanism that they are secreted is not clear yet. Recent publications showed that GroEL
can be localized on the membrane in H. pylori and interacted with the host (Gabriela E.
Bergonzelli 2006). Nevertheless, the secretion pathway of GroEL and its extracellular
function are still unknown. Similarly, S-complex has been found its multiple functions
including regulation of sporulation and could be an activator of Type III secretion in P.
aeruginosa (Denis Dacheux 2002; Haichun Gao 2002). SodA also has been predicted that
will be secreted into growth medium (Tjalsma. 2006). These proteins have been named
“moonlighting” proteins and have been suggested to have other functions in the extracellular compartment (Bendtsen 2005). Due to its nature which is without apparent signal
peptide but could be secreted, therefore, we named those proteins as “Non-classical proteins”.

Enolase and its function. Enolases (EC 4.2.1.11) are essential cytoplasmic enzymes that catalyze the reversible conversion of 2-phosphoglycerate into phosphoenolpyruvate. Enolases are considered to be evolutionarily conserved due to its universal functions in glycolysis and gluconeogenesis (Hosaka 2003). Many reports showed that eno-
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lases can be exported to the cell surface or released to the culture medium in eukaryotic
and prokaryotic organisms (Dudani 1993; Pancholi 1998; Pancholi 2001; Lamonica
2005; Lopez-Villar 2006; Antikainen 2007; Knaust 2007; Wang 2011) and play important roles in diseases which in turn facilitates bacterial persistence, colonization and the
invasion of host tissues (Bergmann 2001; Jin 2005).

E. coli enolase was found to be exported into the medium and the export may depends on covalent binding of its substrate 2-phosphoglycerate (Boel 2004). A recent
study showed that the N-terminal fragment of 169 amino acids of yeast enolase can target
a cytoplasmic invertase to the cell surface (Lopez-Villar 2006). It was reported that Bacillus anthracis enolase was detected in the right-side out membrane vesicles (Agarwal
2008). Besides, Ferrari et al. found that enolase of Neisseria meningitidis can be found in
the spontaneously released outer membrane vesicles (Ferrari 2006). Recent study on Clonorchis sinensis demonstrated that enolase is an excretory/secretory protein and is also a
multifunctional metabolic enzyme (Wang 2011) and Yu et al. showed that the enolase
secretes via exosomes in the eukaryotic cells (Yu 2006). On the other hand, it has also
been proposed that the release of enolase in the medium could be attributed to the cell
lysis (Guiral 2005; Antelmann 2006). In addition, B. subtilis enolase was found in the
extracellular compartment by many research groups (Tjalsma 2004; Vitikainen 2004;
Antelmann 2006; Zanen 2006), but how and why the enolase of this non-pathogenic
strain is secreted remains unknown. Nevertheless, the molecular mechanism of enolase
transport through the membrane is mostly unknown.
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Hydrophbic helix and enolase. Using the crystal structure of Enterococcus hirae
enolase (Hosaka 2003) as the template, a predicted molecular structure of enolase was
modeled by Swiss-Model (Arnold 2006). Bacillus enolase is composed of one small Nterminal domain (P2-N138) and one large C-terminal domain (S139-K430). According to
Swiss-Prot database (Entry No. 37869), the C-terminal barrel domain contains four phosphorylation sites, substrate and Mg2+ binding sites and two catalytic motifs. A long unbent α-helix (A108-L126) of enolase resides in the N-terminal domain, and in which a hydrophobic core region (A110-C118) is predicted as the membrane-embedded (EM) domain
by the PSSM_SVM scheme (Hu 2007). This predicted domain is also conserved in several non-classical proteins except SodA. This domain has been suggested on promoting secretion on those proteins. An identified EM domain shred a light to demonstrate an unknown secretion pathway that involves in the transportation of signal-less protein(s).

Transcriptome and stationary phase. Generally, in Bacillus, the non-classical
proteins we found in the medium are presence in stationary phase. Taking Est55 as an
example, this protein starts to accumulate in the cell after induction in exponential phase
but it is secreted in stationary phase. Besides, protein secretion in E. coli also shows a
similar fashion as in B. subtilis which is more dominated in stationary phase. This result
suggests there could be a retention signal or something could trigger the secretion phenomenon in stationary phase but it is currently unclear. In addition, although the overall
cell numbers remain static in stationary phase, this period of time is considered the most
dynamic period in response to ever-changing growth environments. However, previous
researches focused on stationary phase were mostly interested in sporulation, and no re-
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search has been conducted on how Bacilli adapt changes caused by growth phase shift
from exponential phase to stationary phase. Depending on the specific physical and
chemical growth conditions, the genetic circuits of the cells are designed to make prioritized decisions for adjustments when facing multiple stress factors arising from growth.
Accordingly, the nature of this design makes it a very challenging task to predict the status of the cells at the genetic level in the past. Equipped with a complete and annotated
genome sequence as well as modern genomic tools, it is now feasible to conduct systematic analysis of this complicated phase of bacterial growth.

Therefore, to better understand the physiological status of B. subtilis during
growth, DNA microarrays (GeneChip® by Affymetrix) were employed to conduct transcriptome analysis. Although many publications report investigation of bacterial responses to specific stresses or genetic mutations by this approach, however, none of them
focused on how B. subilis adapts to growth phase changes in a temporal manner. Recently, the gene expression profile of B. subtilis from exponential phase to stationary phase
with additional amino acids has been studied (Ye, Zhang et al. 2009), however, the
enriched medium may delay Bacilli to enter into stationary phase. Besides, no research
has studied protein secretion onto a transcription level, and no direct correlation was
found between protein secretion and stationary phase. To understand how Bacilli manage
different growth stages, mRNAs were collected from exponential phase, transition phase
and stationary phase to monitor gene expression profile. The major aim of this part of
work was to study transcriptional profiling when the cells shift from the exponential
phase to stationary phase by a series of snapshots in this specific time window.
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In this study, we provided several lines of evidence to rule out lysis is the mechanism for the presence of non-classical proteins in the growth medium. Furthermore,
genetic manipulation of hydrophobic helix from enolase demonstrated a possible mechanism of non-classical protein secretion. The transcriptome study is elucidated a sophisticated system of Bacilli when encounter physical stress or nutritional depletion.
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CHAPTER 1

Non-classical protein secretion of Bacillus subtilis in the stationary
phase is not due to cell lysis

This work has been published by
Chun-Kai Yang, Hosam E. Ewis, XiaoZhou Zhang, Chung-Dar Lu, Hae-Jin Hu, Yi Pan,
Ahmed T. Abdelal, and Phang C. Tai. Nonclassical Protein Secretion by Bacillus subtilis
in the Stationary Phase Is Not Due to Cell Lysis. (2011) J. Bacteriol. 193: 5607-5615
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ABSTRACT

The carboxylesterase Est55 has been cloned and expressed in Bacillus subtilis
strains. Est55, which lacks a classical, cleavable N-terminal signal sequence, was found
to be secreted during the stationary phase of growth such that there is more Est55 in the
medium than inside the cells. Several cytoplasmic proteins were also secreted in large
amounts during late stationary phase, indicating the secretion in B. subtilis is not unique
to Est55. These proteins, which all have defined cytoplasmic functions, include GroEL,
DnaK, enolase, pyruvate dehydrogenase subunits PdhB and PdhD, and SodA. The release
of Est55 and those proteins into the growth medium is not due to gross cell lysis, a conclusion that is supported by several lines of evidence: constant cell density and secretion
in the presence of chloramphenicol, constant viability count, the absence of EF-Tu and
SecA in the culture medium, and the lack of effect of autolysins deficient mutants. The
shedding of these proteins by membrane vesicles into the medium is minimal. More importantly, we have identified a hydrophobic α-helical domain within enolase that contributes to its secretion. Thus, upon the genetic deletion or replacement of a potential membrane-embedding domain, the secretion of plasmid-encoded mutant enolase is totally
blocked, while the wild-type chromosomal enolase is secreted normally in the same cultures during the stationary phase, indicating the differential specificity. We conclude that
the secretion of Est55 and several cytoplasmic proteins without signal peptides in B. subtilis is a general phenomenon and is not a consequence of cell lysis or membrane shedding; rather their secretion is through a process(es) in which protein domain structure
plays a contributing factor.
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INTRODUCTION

Bacillus subtilis secretes large amount of proteins into the growth medium
(van Wely, Swaving et al. 2001). Of the known secretory pathways in B. subtilis, the majority of proteins are exported from the cytoplasm by the Sec-dependent pathway,
through which secretory proteins are synthesized as precursors with typical cleavable Nterminal signal peptides (Simonen and Palva 1993; Antelmann 2001). Relatively fewer
proteins are released to the medium via the cleavable twin-arginine translocation (TAT)
system (Tjalsma, Bolhuis et al. 2000). Still some other proteins are exported into the medium via ATP-binding cassette transporters, a dedicated pseudopilin export pathway, a
competence development system or an ESAT-6 like system (Pallen 2002).

The genome of B. subtilis 168 is 4,215 kbp in length and encodes about 4,100
genes that are predicted to include over 250 extracellular proteins; the majority of which
are secreted through the aforementioned pathways (Hirose, Sano et al. 2000; Antelmann
2001). However, proteomic studies have revealed that genome-based predictions reflect
only 50% of the actual composition of the extracellular proteome. This significant discrepancy is mainly due to the difficulties in the prediction of extracellular proteins lacking
signal peptides (including cytoplasmic proteins) and lipoproteins (Hirose, Sano et al.
2000; Antelmann 2001). These findings suggest that, in addition to the well-known secretion pathways, B. subtilis can utilize alternative mechanisms to release such signal-less
proteins into their environment (Tjalsma 2004). However, it is not quite certain whether
some of these extracellular proteins, identified by proteomic analysis, were released due

12

to cell lysis (Stephenson and Harwood 1999; Vitikainen 2004) or were even secreted in
significant amounts since the distribution of these proteins in the cytoplasm and medium
was not quantified (Hirose, Sano et al. 2000; Antelmann 2001). Recently, several publications have indicated many proteins are secreted by Gram-positive bacteria via the
shedding of membrane vesicles (Tjalsma 2004; Mashburn-Warren 2006; Lee 2009). Even
so, it is not at all clear as to how significant this shedding of membrane vesicles is, since
no quantification of this phenomenon has been attempted.

In this work, a carboxylesterase, Est55 (monomer size of 55 kDa) from
Geobacillus stearothermophilus (Ewis, Abdelal et al. 2004) has been characterized in B.
subtilis WB600BHM, in which six protease genes have been deleted (Wu, Lee et al.
1991). The expressed Est55, which lacks a typical export signal, was found to accumulate
in the cells during exponential phase. The intracellular Est55, however, begins to be secreted in early stationary phase, and decreases into the late stationary phase to the extent
that more Est55 is found in the medium than inside the cells. This secretion of Est55 in
the growth medium is accompanied by the concomitant appearance of several other cytoplasmic proteins that also lack a classical signal peptide. A similar secretion pattern was
also found in both B. subtilis 168 and an autolysins-deficient mutant of B. subtilis (Wu,
Lee et al. 1991; Blackman, Smith et al. 1998). Negligible amounts of Est55, SodA and
enolase were found in the membrane vesicles recovered from the spent medium, indicating that the membrane-shedding is not a significant factor for the secretion. Moreover,
we have identified a hydrophobic membrane-embedded domain of enolase (Hu, Pan et al.
2004; Hu, Holley et al. 2007) that is necessary for its secretion. Taken together, these
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findings indicate that several cytoplasmic proteins which lack a typical signal peptide are
secreted into the medium in the absence of cell lysis during the stationary phase of
growth, and that the secretion is a general phenomenon in B. subtilis.

MATERIALS AND METHODS
Bacterial strains, plasmids, culture conditions and growth. Bacterial strains
and plasmids are listed in Table 1.1. All Bacillus subtilis strains were grown in LuriaBertani (LB) broth or agar plates containing 0.2% glucose at 37 oC. Geobacillus stearothermophilus ATCC 7954 was grown in Bacto-antibiotic medium No.3 (Difco) supplemented with 0.2% glucose, 272 µM of CaCl2 and 143 µM of FeCl2 at 60 oC. The following antibiotics were used as required: ampicillin (100 g/ml), chloramphenicol (100
µg/ml), and kanamycin (10 g/ml).

Construction, cloning and expression of Est55 in B. subtilis strains. The est55
gene was PCR-amplified from pCOS4 clone (Ewis, Abdelal et al. 2004) using the appropriate primer pair. PCR products were subcloned into the E. coli/B. subtilis shuttle vector
pDG148 in which the ATG initiation codon of est55 was fused to a ribosomal binding
site 7 bp upstream provided by the vector (Yansura and Henner 1984). The resulting
plasmid pHE550 carrying kanamycin resistance as a selective marker allows the IPTGinduced expression of Est55 in Bacillus subtilis from the Pspac promoter (Yansura and
Henner 1984). Plasmid transformation of B. subtilis was performed by natural competence protocol (Spizizen 1958; Anagnostopoulos 1961), and occasionally by the protoplast method (Chang and Cohen 1979).
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Cloning of B. subtilis enolase and its mutants. Appropriate primer pairs were
used for PCR amplification of the eno gene using B. subtilis 168 chromosomal DNA,
while the restriction enzyme sites XbaI and SalI were introduced into the forward and reverse primer sequences, respectively. The PCR product was digested by XbaI/SalI and
subcloned into the corresponding sites of the shuttle vector pDG148, in which the cloned
gene was placed under the control of Pspac promoter. To construct the B. subtilis 168 enolase

mutant

deleted

of

α-helix

EnoBsΔH

(102NKGKLGANAILGVSMACARAAADFL126), a series of over-lap extension PCR
(Ho 1989) were carried out. The PCR-amplified DNA fragments were inserted into
pDG148 and the resulting pEnoBsΔH plasmids were used to transform into E. coli
DH5α. An enolase EM (18, 19) domain replacement, with a short sequence of a α-helix
from β-galactosidase (EMR,

110

AILGVSMAC118 to

110

EQTMVQDIL118), was similarly

constructed, resulting in the plasmid pEnoBsEMR. The sequences of the entire inserts in
the pDG148-derived plasmids were confirmed by DNA sequence analysis.

Construction of shuttle expression vector pGTN-FLAG. The strong constitutive promoter region of B. subtilis groESL operon (Phan, Nguyen et al. 2006) was amplified by the appropriate primer pair using B. subtilis 168 genomic DNA as the template,
and the B. subtilis gsiB SD sequence (Jurgen 1998) that stabilizes the transcribed mRNA
molecules was introduced downstream of the PgroE promoter. The strong tandem terminators t1t2 and t0 were amplified from pMUTIN4 (Vagner 1998), and the DNA fragment,
containing the PgroE/SDgsiB and t1t2/t0, was generated through over-lap extension PCR (Ho
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1989). The BamHI, KpnI and PstI sites between SDgsiB and the terminators, as well as the
flanking HindIII and EcoRI sites, were introduced into the final DNA fragment by appropriately modified PCR primers. The final DNA product was digested with HindIII and
EcoRI, and cloned into the corresponding sites of the E. coli-B. subtilis shuttle vector
pNW33N to generate vector pGT. A short DNA fragment, containing 5’-BamHI-FLAG
(DYKDDDK)-SacI/SacII/SalI/PstI-3’, was generated by annealing a pair of complementary oligonucleotide primers and cloning them into the BamHI/PstI sites of pGT to generate pGTN-FLAG. To express FLAG-tagged enolase, the eno gene was PCR amplified
and cloned into the SacI/PstI sites of pGTN-FLAG.

Analysis of Est55 and other proteins in G. stearothermophilus and B. subtilis.
Cell growth was monitored by OD600. The protease inhibitor phenylmethylsulfonyl fluoride (PMSF) was added to the culture (final conc. 1 mM) in early-log phase (OD600 ~ 0.2)
in most cases, except for the protease deficient strain WB600BHM and G. stearothermophilus when the esterase activity was measured. Samples (10 ml) were collected at various growth phases, as indicated, and were centrifuged at 13,400 x g for 10 min. Culture
supernatants were filtered (0.22 µm Millex, Millipore) to remove residual cells. For gel
electrophoresis and subsequent Western blot analysis, samples of the medium were
loaded directly or (where indicated) were first concentrated by 10 % tricholoroacetic acid
(TCA) on ice overnight. After centrifugation the protein precipitate was washed with
70% cold acetone three times and re-suspended in 0.5 ml of SDS-electrophoresis buffer.
Cell pellets were washed once and re-suspended in 1 ml of 10 mM Tris-HCl (pH 8.0),
containing 1 mM EDTA and 1 mM PMSF. Cells were ruptured in an Aminco French
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Press at 10,000 psi. For analysis of soluble fractions, the cell extracts were centrifuged at
16,000 x g for 5 min to remove large debris, or inclusion body if any.

Measurement of carboxylesterase activity. The esterase activity of Est55 was
measured with p-nitrophenyl caproate (Sigma-Aldrich) as substrate, and the presence of
p-nitrophenol was monitored by spectrophotometry, as described previously (Wood,
Fernandez-Lafuente et al. 1995). The protein concentration was measured by the Bradford method, using bovine serum albumin as standard (Bradford 1976).

Gel electrophoresis and immunoblotting. Protein samples were analyzed by
standard Laemmli sodium dodecyl sulfate (SDS) electrophoresis in 12.5 % polyacrylamide gels (Laemmli 1970). For comparison of protein profiles, using Coomassie Blue
staining, equal volumes of secreted protein fraction and cell extracts (corresponding to 50
µl culture volumes) were applied to the gel for electrophoresis. For immunoblot analysis,
protein samples were diluted 10 times, and (following electrophoresis) proteins on the gel
were transferred to polyvinylidene difluoride (PVDF) membrane (Problot, Applied Biosystems) (Towbin, Staehelin et al. 1979) for further analysis. Membranes were developed
in alkaline phosphatase substrates, according to manufacturer protocols. The immunoblots were first scanned by densitometer GS-800 (BioRad, Calif.) and then quantitated by
Quality One® computational software (BioRad, Calif.). The percent secretion of individual protein was presented as ratio, which is calculated based on the amount of extracellular portion vs. total individual protein (intracellular + extracellular).
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Antibodies. Antisera against purified Est55, SecA, EF-Tu, SodA (Liu 2007) and
enolase were from lab stocks. Rabbit antibodies were developed in rabbit (New Zealand)
by subcutaneous injections of 5 mg of purified enzyme mixed with an equal volume of
Freund’s complete adjuvant (Cooper 1995). The primary antibody against FLAG-tag was
purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO). The alkaline phosphatase-linked goat anti-rabbit antibodies (Bio-Rad) were used as secondary antibodies for
all reactions, except for EF-Tu, for which alkaline phosphatase-linked donkey anti-goat
antibodies (Promega) were employed.

Est55 purification. For intracellular Est55, a one-liter culture of B. subtilis
WB600BHM harboring pHE550 was induced by 1 mM IPTG (as above) for 4 hours. The
cell pellet was harvested, washed once and re-suspended in 20 ml of 10 mM Tris-HCl
buffer (pH 8.0), after which the sample was ruptured through an Aminco French Press at
16,000 psi. The cell debris was removed by centrifugation at 7,500 x g for 15 min at 4 oC.
The supernatant was heated at 60 oC for 20 min, and the precipitated proteins removed by
centrifugation at 18,000 x g for 20 min at 4 oC.
To purify the extracellular Est55, a one-liter culture of B. subtilis WB600BHM
harboring pHE550 was induced by 1 mM IPTG at OD600 ~ 0.2 for 10 hours. The culture
was centrifuged for 15 min at 7,500 x g to collect the supernatant that contained the secreted Est55. The purification protocol was as described (10).

N-terminal amino acid analysis. Proteins from the secreted fraction after filtration were precipitated by 10% TCA, washed with cold 70% acetone, separated by SDS-
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PAGE, and then electrophoretically transferred to PVDF membrane (Towbin, Staehelin
et al. 1979). Protein bands were excised and their amino terminal sequences were determined by ABI Procise Sequencer 493A in the Molecular Biology Core Facility of Georgia State University.

RESULTS

Carboxylesterase Est55 from G. stearothermophilus is secreted. We have previously characterized a carboxylesterase, Est55, of G. stearothermophilus ATCC7954
that was cloned and expressed in E. coli (Ewis, Abdelal et al. 2004). The protein contains
no typical cleavable signal sequence (Fig.1.1A). To investigate whether this hydrolytic
enzyme can be secreted by its parent strain G. stearothermophilus ATCC7954. Enzymatic activity measurements (Fig. 1.1B) and immunoblot analysis (Fig. 1.1C) were used to
detect the presence of chromosome-encoded Est55 in the intracellular and extracellular
fractions of bacterial culture. Expression of the chromosome-encoded Est55 was induced
when cell growth reached early stationary phase, followed by the presence of Est55 in the
extracellular fractions that continued into late stationary phase. These results indicate that
Est55 is expressed and secreted from its parent strain in the stationary phase.

Secretion of Est55 from a protease-deficient strain of B. subtilis. To facilitate
the study of Est55 secretion in B. subtilis, plasmid pHE550 (harboring the est55 gene)
was constructed. Est55 was induced from the Pspac promoter and expressed in B. subtilis
WB600BHM, in which six protease genes have been inactivated (Wu, Lee et al. 1991).
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Induction of Est55 from the Pspac promoter was initiated by the addition of 1 mM IPTG in
early log phase (Fig. 1.2A) and monitored over time by immunoblots. Virtually all of
Est55 remained soluble inside the cells. Under the conditions used, the intracellular levels of Est55 reached a plateau at about 9 hrs after inoculation and, thereafter, gradually
decreased through the late stationary phase. Concomitantly, the extracellular Est55 in the
medium also started to appear at 9 hrs, reaching a plateau at 12 hr (Fig. 1.2B). At this
time point, there was almost twice as much Est55 in the medium as there was inside the
cells (Fig. 1.2B). These results indicate that Est55 is secreted by B. subtilis during stationary phases, and that this secretion is substantial: there was more Est55 present in the
medium than inside the cells.

The secreted Est55 is not processed. To investigate further the possibility that
the Est55 was subjected to N-terminal cleavage during secretion, both the intracellular
and extracellular Est55 that were expressed from B. subtilis WB600BHM harboring
pHE550 were purified to homogeneity. The first 10 amino acids of Est55 from both protein sources were determined as being M-E-R-T-V-V-E-T-R-Y, which are identical to the
derived protein sequences from the published nucleotide sequences, as well as the sequences of Est55 protein expressed and purified from E. coli (Ewis, Abdelal et al. 2004).
In addition, the sizes of intracellular and extracellular Est55 were identical on SDSPAGE (data not shown). These results indicate that there is no cleavage of the secreted
Est55 on neither N- nor C-termini during the secretion process. Moreover, the secretion is
not affected by a proton motive force inhibitor or by azide, and in the presence of chloramphenicol the intracellular Est55 is secreted into the medium (data not shown), indi-
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cating that neither Sec nor TAT system is involved in the secretion of Est55 even though
it contains twin-arginine residues in the N-terminus (Fig.1.1A).

Other cytoplasmic proteins lacking typical signal peptide are secreted in stationary phase. To determine whether the secretion of Est55 is unique or a general phenomenon in B subtilis, we analyzed the protein profiles of extracellular fractions during
growth on SDS-PAGE, as shown in Fig. 1.3A. Surprising, the extracellular proteins are
abundant in late stationary phase. Secretion of several major proteins lasted for several
hours into the late stationary phase; these proteins were subjected to N-terminal amino
acid sequencing. The identified proteins included: DnaK (band a), GroEL (band b), homoserine dehydrogenase (band d), enolase (band e), YdjL of unknown function (band f),
flagellin Hag (band g), pyruvate dehydrogenase subunit PdhB (band h), and superoxide
dismutase SodA, (band j) (Fig. 1.3A). Remarkably, most of these proteins are normally
considered to be intracellular cytoplasmic proteins. Similar to Est55, no N-terminal cleavage can be detected for any of these proteins, as judged from sequence comparison, except for chitosanase (band i) which had lost its signal peptide; secretion of chitosanase is
SecA-dependent (Rivas, Parro et al. 2000).
The secretion patterns for two of these proteins, enolase and SodA, were shown
by immunoblot analysis to be similar to that of Est55 (Fig. 1.3B). Thus, the presence of
these proteins, which lack any of the classical signal peptide sequences, in the growth
medium of cells in late stationary phase represents a non-classical secretion of proteins
by B. subtilis.
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Non-classical protein secretion is due to cell lysis? The presence of these intracellular proteins in the growth medium of cells in stationary phase is most likely not due
to cell lysis as evidenced by the constant OD600 (1. 2A) and cell viability counts throughout the growth phases at about 3x109/mL (data not shown). It is possible; however, that
the constant cell density or viability in stationary phase could be the result of concomitant
cell growth and cell lysis at a comparable rate. To test this possibility, chloramphenicol
was added to the culture of WB600BHM harboring pHE550 at the time point when signal-less proteins start to be secreted to the medium. The cell density remained constant
for three hours after the addition of chloramphenicol (Fig. 1.2A, filled diamond). Under
these conditions, the secretion of enolase and SodA continued, as shown by immunoblots
(Fig. 1.3B). These results strongly suggest that the secretion of these proteins is not due
to cell lysis, as these proteins were secreted from existing pools in the cells, and new protein synthesis is not required for their presence in the medium. To further rule out the
possibility of general cell lysis under the conditions used, immunoblots were performed
with specific antibodies against two major (and abundant) intracellular proteins functioning in protein secretion and translation: SecA, and EF-Tu. As shown in Fig. 1.3C, SecA
was undetectable, and only very low levels of EF-Tu (less than 5% of the intracellular
fractions) could be detected in the medium.

Non-classical secretion is a common phenomenon. To examine the possibility
that the observation of non-classical protein secretion is due to the unique genetic background of the Bacillus strain WB600BHM, we also performed similar experiments in B.
subtilis 168 harboring pHE550 in the presence of the protease inhibitor PMSF. The re-
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sults were similar to those for the protease-deficient B. subtilis WB600BHM harboring
pHE550. The quantities of secreted Est55, SodA, GroEL, and enolase at 12 hr samples
were estimated to be 30-50% of the total amounts of each individual protein (Fig. 1.4A).
The extracellular protein profiles and the signal-less proteins, as identified by N-terminal
peptide sequencing in strain 168 (data not shown) were similar to those in strain
WB600BHM, as described in Fig. 1.3A. These findings strongly suggest that the observed appearance of a specific set of cytoplasmic proteins (without signal peptides) in
the medium appears to be a general phenomenon in B. subtilis during late stationary
phase.

Lytic enzymes do not significantly alter signal-less protein secretion. Cell lysis has been intensively studied and its mechanism has been correlated to autolysins
(Kodamaa 2007). We examined a B. subtilis lytC lytD double mutant SH128 lacking two
major autolysin genes and its parental strain 1A304. The cells were grown at 30oC because of a growth defect of SH128 at 37oC. The distribution of intra- and extra-cellular
GroEL, enolase, and SodA were analyzed by immunoblots. Quantitative analysis revealed that the ratios of secreted proteins in strain 1A304 were comparable to those in
SH128 (Fig. 1.4B). These findings support the notion that the observed secretion of a
specific set of cytoplasmic proteins is a general phenomenon in B. subtilis during the stationary phase and is not due to cell autolysis.

Signal-less protein secretion is not mediated significantly by membrane vesicles. It was reported that enolases from Bacillus anthracis and Neisseria meningitidis

23

enolases can be detected in the membrane vesicles in the media (Agarwal 2008). However, the amounts have not been reported. To determine the extent of membrane vesiclemediated secretion in our studies, medium fractions were separated after 11 hrs incubation, and the membrane fraction was collected by ultracentrifugation. Distribution of signal-less proteins in the pellet and soluble fraction was determined by immunoblot analysis. Negligible amounts of Est55 and SodA, and less than 15% of enolase were detected
in the membrane pellet fraction (Fig. 1.4C). (The pellet fraction by ultracentrifugation
may also contain large macromolecule complexes, such as enolase with a molecular mass
of about 400,000 daltons). These results indicate that the secretion mediated by the shedding of membrane vesicles is not significant.

A hydrophobic helix domain of enolase is crucial for its secretion. To provide
further evidence for the secretion of cytoplasmic proteins in the absence of cell lysis, we
examined the possible structural properties required for these proteins to be secreted. We
used B. subtilis enolase (EnoBs) as the model system. Enolase is a key glycolytic enzyme
and has been reported as a plasminogen-binding protein that is displayed on the bacterial
cell surface (Agarwal 2008; Feng 2009). Using the crystal structure of Enterococcus hirae enolase as a template, a predicted 3D molecular structure was generated by SwissModel (Swiss-Prot database entry No. 37869). A long, unbent α-helix (from A108 to
L126) and a membrane-embedded domain (EM domain) (Hu, Holley et al. 2007) residing
in the N-terminal region of enolase (Fig. 1.5A, 1.5B) were identified as potential targets.
A plasmid containing the eno gene in which the α-helix had been deleted (EnoBsΔH) was
used for the expression of the mutated enolase in B. subtilis. The expressed EnoBsΔH
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protein remained soluble and could be identified with a slightly smaller size than the
wild-type enolase (EnoBs) as monitored by immunoblots. The results showed that the
deletion of this α-helix domain completely abolished secretion of plasmid-coded
EnoBsΔH, while the chromosomal wild-type enolase was secreted from the same cell
cultures under identical conditions (Fig. 1.5C).

Within this α-helix, there is a hydrophobic EM domain (residue 110 to 118) (Fig.
1.5B) that is predicted by the PSSM-SVM scheme (Hu, Pan et al. 2004; Hu, Holley et al.
2007) to be important for embedding proteins into the membranes. To determine its importance for secretion, this EM domain was replaced with a β-galactosidase sequence
(EMR), leaving the predicted α-helix structure effectively unchanged by prediction, but
with reduced hydrophobicity. To facilitate the detection of enolase with similar sizes, two
plasmids were constructed with an N-terminal FLAG tag to yield pEnoFLAG (FLAGtagged EnoBs), and pEMRFLAG with the replaced EM domain.

Based on modeling by AMMP (http://www.cs.gsu.edu/~cscrwh/ammp/ammp.html),
or Swiss-Model (http://swissmodel.expasy.org), the replacement shows no predicted
change on conformation (Fig. 1.5A). The expressed Eno-FLAG and EMR-FLAG proteins from plasmids were soluble in the cell extracts, and displayed slightly larger sizes
than the chromosomal EnoBs, as determined by immunoblots (Fig. 1.5D). The results
showed that both the soluble Eno-FLAG and EnoBs can be secreted into the growth medium concomitantly, and that modification of this EM domain in the α-helix completely
abolished secretion of the EMR-FLAG (Fig. 1.5D). The same result was obtained when
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FLAG antibody was used to detect specific, FLAG-tagged enolase. Importantly, while
the mutated enolase (encoded by the plasmid) was not detected, the wild-type chromosomal enolase was detected in the medium, indicating that the structural EM element is
important for enolase secretion.

It is possible that the mutation of enolase resulted in a protein that might be more
susceptible to degradation. Hence, we determined the stability of plasmid encoded EnoBs
and EMR in the medium, as well as SecA which was found to be negligible in the medium (Fig. 1.3C). The soluble crude extracts of the stationary-phase cells were prepared
and added into the stationary-phase culture. The stability of added EnoBs and EMR, incubated in the medium at 37 oC, were also monitored by immunoblots. As shown in Fig.
1.5E, EnoBs/EMR of the added crude extracts was stable for at least 120 min without apparent degradation, while no EnoBs/EMR was found in the control sample without the
addition of crude extracts. Thus, the absence of EMR in the growth medium is a consequence of the mutation of the membrane- embedding domain. SecA was also monitored
for its stability under the same condition. The results showed that the extracellularly added SecA was stable for at least 2 hr (Fig. 1.5E), thus support the absence of SecA as a valid indicator for the lack of cell lysis (Fig. 1.3C).

The absence of EMR-FLAG and EnoBsΔH in the stationary phase medium demonstrates the importance of the predicted hydrophobic α-helix structure in EnoBs secretion. The differential secretion from the same cells for the presence of enolase in the late
stationary phase, together with other lines of evidences strongly indicate that cell lysis is
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a negligible factor for the secretion of non-classical proteins, and that the secretion is a
general phenomenon in B. subtilis.

DISCUSSION

In this study, carboxylesterase Est55, along with several conventional endogenous
cytoplasmic proteins from B. subtilis, were found to be secreted during the late stationary
phase. N-terminal amino acid sequence analyses of these proteins confirmed the absence
of any classical, signal peptide cleavage that is known to be involved in a Sec-dependent
pathway (Tjalsma, Bolhuis et al. 2000). More importantly, several lines of evidence show
that secretion of these proteins without a classical, signal peptide in B. subtilis in the stationary phase is not due to cell lysis; rather it is a general phenomenon.

The appearance of cytoplamic proteins in the stationary phase in B. subtilis is controversial. The existence of non-classical protein secretion has been reported (Antelmann
2001; Tjalsma 2004), while others attributed the appearance to cell lysis (Tjalsma,
Bolhuis et al. 2000; Antelmann 2006). None of these reports, however, provide conclusive, quantitative analyses as to whether cell lysis contributes significantly to the observed phenomenon. In this study, the cells were grown in LB broth with glucose to minimize the effect of sporulation and cell lysis. We have observed gradual cell lysis in the
stationary phase in LB broth, but glucose supplement prevents the lysis of cells, even in
the very late stationary phase. Under these conditions, we show that cell lysis cannot account for the secretion of proteins in the late stationary phase by several lines of evi-
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dences: constant cell viability count, no change in cell density or secretion in the presence
of chloramphenicol (Fig. 1.2A), the negligible amounts of SecA and EF-Tu in the medium, minimal effect on secretion using an autolysin mutant, and (most importantly) the
defective secretion of mutated enolase enzymes that harbor mutations in a hydrophobic
membrane-embedding domain. The differential secretion of mutated and wild-type enolases from the same cell culture provides the most compelling evidence that cell lysis
plays little role in the secretion of these signal peptide-less proteins.

Mutation of the α-helix EM domain in enolase results in a complete abolition of
secretion but a mutation of another α-helix (Q132P) has no effect (data not shown). These
finding strongly indicate the importance of this hydrophobic helix in the export of this
protein. However, though this domain is essential, it is not sufficient to promote the secretion of green-fluorescent protein as a marker protein (unpublished). A recent report
introduced a new prediction algorithm for the identification of non-classical secretory
proteins, based on the biological and chemical properties; such as threonine contents,
trans-membrane helices, and protein disorder in the structure (Bendtsen 2005). It is noted
that enolase, pyruvate dehydrogenase (S-complex) (Caulfield, Horiuchi et al. 1984;
Caulfield, Furlong et al. 1985; Hemila, Palva et al. 1990), and GroEL are predicted to be
non-secreted proteins using this prediction algorithm, while in our study they are identified as abundant, secreted proteins.

Recent publications (7, 14) indicated that several cytoplasmic proteins, present in
extracellular environment, are associated with membrane vesicles in Gram-positive bac-
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teria. However, the extent to which the membrane-vesicles mediate release of these proteins has not been reported. We found that such release is not significant for Est55, SodA
and enolase (Fig. 1.4C). In addition to enolase, the presence of a small amount of GroEL
and pyruvate dehydrogenase in the pellet fraction is likely due to the co-sedimentation of
the large complexes (all over 400,000 mass) by ultra-centrifugation. Alternatively, these
cytoplasmic proteins may not be secreted or remain as the large complexes in the medium.

Autolysins have been proposed to play several roles in motility, cell separation,
competency, antibiotic-induced lysis, pathogenesis, cell wall synthesis and turnover, and
differentiation (Blackman, Smith et al. 1998). The LytC and LytD proteins account for
95% of autolysin activity in B. subtilis. In this study we used a strain with lytC lytD
double mutations, which is devoid of prophage-associated lytic enzymes (Blackman,
Smith et al. 1998). We found that a similar secretion pattern in the autolysin-deficient
mutant and its parent strain (Fig. 1.4B), indicating that autolysins are not a major factor.
Moreover, the detection of this particular class of proteins in the extracellular environment of several species of Gram-positive bacteria, other than B. subtilis, supports the notion that these proteins are secreted through specialized route(s) (Sibbald, Ziebandt et al.
2006).

It has also been reported that B. subtilis possesses an active export system
represented by the yukABCDE operon (Pallen 2002). This operon is homologous to the
ESAT-6 secretion system, which is involved in the secretion of small virulence proteins
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that lack a classical signal peptide in several pathogenic Gram-positive bacteria (Burts,
Williams et al. 2005). The possible role of this system in the secretion in our study has
been investigated in B. subtilis L16601, and its derivative mutants that contain a systemic
deletion in each of the genes in yukABCDE operon (Sao-Jose, Baptista et al. 2004). We
found similar protein profiles (data not shown), indicating that the ESAT-6 homologous
transport system is not involved in the secretion of this particular class of signal-less proteins. Furthermore, this class of proteins does not possess the conserved WXG motif
proposed for the ESAT-6/WXG100 superfamily of secreted proteins (Pallen 2002).

A recent report (Antikainen 2007) presented a pH effect on the release of enolase
and glyceraldehyde-3-phosphate dehydrogenase of Lactobacillus crispatus. The authors
showed that these non-classical secretory proteins were localized on the cell surface at
pH 5 but released into the medium at pH 8. This release from the cell surface at alkaline
pH was attributed to a quick response of Lactobacilli to changing environments
(Antikainen 2007). Such pH-dependent release of non-classical secretory proteins is unlikely in our study since we did not observe any significant change of pH during late stationary phase. It is worth noting that these proteins that are secreted in B. subtilis, are
accumulated in the cytoplasm in the early stationary phase before being secreted in the
late stationary phase. It is not yet clear what signal(s) triggers the secretion. One important element may be the structural domains within the proteins. With the exception of SodA, all proteins identified in this work possess a putative short EM domain (Hu, Pan et al.
2004; Hu, Holley et al. 2007). The mutation study of the EM domain for enolase may
shed light on the possible importance of such structure for the secretion mechanism. Re-
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gardless of the mechanism of secretion, the presence of several cytoplasmic proteins such
as GroEL, SodA, and enolase in the medium with defined physiological cytoplasmic
functions raises an intriguing question: What is the significance of their presence in the
medium? It is noted that many of these key proteins are involved in energy consumption.
Perhaps “dumping” these enzymes provides a way to quickly reduce ATP consumption
or glycolysis, and re-orientate metabolism in preparation for sporulation or for cell survival. Alternatively, it would be interesting to explore whether the secreted proteins have
functions that differ from their cytoplasmic counterparts. It has been reported that many
proteins have “moonlighting” functions (Jeffery 1999; Jeffery 2003), and that Streptococcus enolase, for example, is an important factor for plasminogen binding and adhesion
during host invasion (Kolberg, Aase et al. 2006).

In conclusion, this study provides several lines of strong evidence for the nonclassical secretion of large amounts of cytoplasmic proteins in stationary phase growth,
and excludes cell lysis as the cause of this phenomenon in B. subtilis.
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Figure 1.1. (A) Partial DNA sequence of est55 and the deduced amino acids. The
probable Shine-Dalgarno (SD) sequence is bold italicized. The determined N-terminal
amino acid from purified extracellular protein is italicized, while the twin arginine residues are boxed (adapted from Dr. Ewis dissertation). (B) Est55 expression profiles in G.
stearothermophilus by enzymatic activities. Cell growth was monitored (filled diamonds), and the intracellular (filled squares) and extracellular (open triangles) Est55 esterase activities were measured. (C) The Est55 of whole cell fraction (WC) and medium
fraction (M) at the indicated time points of the growth curve were determined by immunoblots.
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Figure 1.2. Secretion of Est55 and other cytoplasmic proteins in B. subtilis. (A) Cell
growth was monitored (open squares). B. subtilis WB600BHM carrying pHE550 were
induced with 1mM IPTG to express est55 (filled arrow). Chloramphenicol (Cm) was
added 10-hours after incubation (filled diamond) indicated in the text. (B) The amounts
of Est55 from whole cells and medium were detected by immunoblots. The ratios of secreted Est55 in the medium at various times were calculated.
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Figure 1.3. Identification of secreted proteins in B. subtilis WB600BHM. (A) The
protein profile of B. subtilis WB600BHM carrying pHE550 during growth. The profile
was shown by Coomassie Blue staining after gel electrophoresis of the extracelluar samples at various times of cell growth. Lane 1, molecular weight markers. Lanes 2-5, 4hr,
6hr, 8hr, and 10hr samples respectively. Protein bands from extracellular samples were
identified by N-terminal sequences: a-DnaK, b-GroEL, c-Est55, d-homoserine dehydrogenase, e-enolase, f-YdjL of unknown function, g-flagellin Hag, h-PdhB subunit of pyruvate dehydrogenase, i-chitosanase, and j-superoxide dismutase SodA. (B) Immunoblots
of intracellular and extracelluar enolase and SodA. Whole cells and growth medium fractions were taken from the 9th hour to the 13th hour time points corresponding to the control samples of Figure 2A, The effect of chloramphenicol (Cm) on the secretion of enolase and SodA were examined by immunoblots from the extracellular samples from Figure 2A. (C) Absence of cytoplasmic markers EF-Tu and SecA in the growth medium.
Protein samples from whole cell and growth medium were taken from the 10th hrs culture.
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Figure 1.4. Protein secretion of B. subtilis 168/pHE550 and WB600BHM/pHE550
(A) the lytClytD double mutant SH128 and its parental strain 1A304 (B) Extracellular
samples were collected after 12 hrs incubation. GroEL, enolase, Est55, and SodA were
detected by immunoblots and quantified. The secretion ratios were presented as the percentages of extracellular proteins to the total amounts. The values are averages of at least
three independent experiments. (C) Lack of significant presence of signal-less proteins in
the extracellular membrane vesicle. The soluble fraction was the supernatant of ultracentrifugation of the collected medium after 11 hrs incubation. The membrane vesicle fraction (MV) was the pellet of ultracentrifugation resuspended to the original volume. Equal
volumes of samples were used for immunoblotts.
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Figure 1.5. A hydrophobic domain required for enolase secretion. (A) Predicted molecular structure of enolase and its mutants. Only the N-terminal domain of enolase is
shown here. The hydrophobic α-helix is highlighted in light dark ribbon. The EM domain
replaced by β-galactosidase sequence of E. coli is highlighted by dark ribbon. The figure
was drawn using the PyMOL v0.99 program. No apparent conformational change is observed by EM replacement. (B) Multiple sequence alignment of various enolases. Numbers at the ends of each line represent residues from the amino termini: B. subtilis (Bacil),
E. coli (Ecoli), Saccharomyces cerevisiae (yeast), Listeria monocytogenes (Lister), Streptococcus pneumonia (Strep), Neisseria meningitides (Neiss), Mycobacterium smegmatis
(Myco) and Homo sapiens (Homo). The sequences of B. subtilis hydrophobic α-helix and
the EM domain region are indicated. (C) Loss of enolase secretion with a deletion of the
α-helix domain. Strain WB600BHM harboring pDGEnoBsΔH was induced by 1 mM
IPTG, and intracellular and extracellular enolase from the 10th hr samples were examined
by immunoblots with anti-enolase antibodies. EnoBsΔH, the mutated enolase ; EnoBs,
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chromosomal-coded enolase. (D) Differential secretion of plasmid-coded enolase (EnoFLAG) and chromosomal-coded enolase (EnoBs). The whole cell and medium samples
were collected from 10th hr cultures of strains WB600BHM harboring pGTN-Eno (Eno)
and pGTN-EMR (EMR) and subjected to immunoblot analysis. The results with antienolase and anti-FLAG antibodies were shown in the upper panel and lower panel, respectively. (E) Stability of SecA, EnoFLAG and EMR in the medium. The samples were
examined by immunoblots with SecA and FLAG antibodies respectively. Lane 1, control
sample from medium lacking SecA, EnoFLAG and EMR, Lanes 2-6 were medium samples with whole cell extracts at 0, 30, 60,90, and 120 min.
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Table 1.1. Bacterial strains and plasmids
Bacterial
strains, and Plasmids
E. coli DH5

Genotype or description

Source or
reference

F- 80 lacM15 (lacZYAargF) U169 deoR recA1
endA1hsadR17 (rkmk) supE44-thi-1gyrA96relA1

BRL

ATCC7954

ATCC

WB600 BHM

trpC2 nprE aprE bpf epr mpr::ble nprB::bsr.

(46)

168

trpC2

1A304

trpC2metB5 xin-1 SP(s)

(7)

SH128

trpC2metB5 xin-1 SP(s) lytC :: ble lytD :: spc

(7)

L16601

B. subtilis 168; SPP1 indicator strain

(34)

pDG148

bla, kan, shuttle vector

(47)

pCOS4

bla, est30, est55

(15)

pNW33N

bla, cat, lacI , shuttle vector

pHE550

bla, kan, lacI, est55

This study

pDGEnoBsΔH

bla, kan, lacI, enoBsΔH

This study

pGTN

bla, cat, lacI , shuttle vector

This study

pGTN-FLAG

bla, cat, lacI , shuttle vector

This study

pEnoFLAG

bla, cat, lacI , eno-FLAG

This study

pEMRFLAG

bla, cat, lacI , EMR-FLAG

This study

G. stearothermophilus
B. subtilis

Laboratory stock

Plasmids

(De Rossi 1994)
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ABSTRACT

Many cytoplasmic proteins without a cleavable signal peptide, including enolase,
are secreted during the stationary phase in Bacillus subtilis in the absence of cell lysis
(Yang et al, 2011). The molecular mechanism of enolase secretion is not yet clear. We
have identified a hydrophobic helix of enolase that may play an important role in its secretion. Within this helix a highly conserved embedded membrane (EM) domain located
in the internal region is critical for the secretion of enolase. Genetic alternation by deletion and substitution showed that this domain is required for the secretion. On the other
hand, mutations on the conserved basic residues flanking EM region showed no effect.
Bacillus enolase is exported in Escherichia coli while the replacement of EM domain
blocks secretion indicating that the secretion of enolase is not species-specific. GFP fusion experiments showed that minimal length of N-terminus 140 amino acids and its tertiary structure of EM domain are required to serve as a functional signal for the secretion
of enolase in Bacillus. We conclude that the internal hydrophobic core of enolase is essential but it is not sufficient for its secretion, and the whole long N-terminus is required
to serve as an internal signal for secretion.
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INTRODUCTION

Enolases (EC 4.2.1.11) are essential cytoplasmic enzymes that catalyze the reversible conversion of 2-phosphoglycerate into phosphoenolpyruvate. Although enolases
lack a classical signal sequence and typical motifs for membrane or cell wall anchoring,
many reports showed that enolases can be exported to the cell surface or released to the
culture medium in eukaryotic and prokaryotic organisms (Dudani 1993; Pancholi 1998;
Pancholi 2001; Lamonica 2005; Lopez-Villar 2006; Antikainen 2007; Knaust 2007;
Wang 2011). Extensive studies indicated that these proteins are multifunctional and play
important roles in diseases (Pancholi 2001). It was demonstrated that the surface-exposed
enolase could enhance the virulence of pathogenic bacteria by binding to plasminogen,
which in turn facilitates bacterial persistence, colonization and the invasion of host tissues (Bergmann 2001; Jin 2005). Enolases are considered to be evolutionarily conserved
due to its universal functions in glycolysis and gluconeogenesis (Hosaka 2003). It has
been speculated that there might be an unknown signal for enolase export conserved over
a long period in evolution (Knaust 2007). In the last decade, many bacterial cytoplasmic
proteins have been found to be secreted without any cleavable signal peptides, which
were termed as the non-classical secretion. Such proteins, which display two unrelated
functions in different sub-cellular locations, have been termed “moonlighting” proteins
(Jeffery 2003; Bendtsen 2005).
The molecular mechanism of enolase transport through the membrane is mostly
unknown. It has been proposed that this release could be attributed to the cell lysis
(Guiral 2005; Antelmann 2006). However, E. coli enolase was found to be exported into
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the medium and the export may depends on covalent binding of its substrate, 2phosphoglycerate, to Lys341 (Boel 2004). A recent study showed that the N-terminal
fragment of 169 amino acids of yeast enolase can target a cytoplasmic invertase to the
cell surface (Lopez-Villar 2006). Biochemical, immunological and electron microscopic
evidence from different groups consistently demonstrated that enolases associate with the
membranes (Pancholi 2001; Sha 2003; Sijbrandi 2005; Lopez-Villar 2006; PalBhowmick 2007; Agarwal 2008). It was reported that Bacillus anthracis enolase was detected in the right-side out membrane vesicles (Agarwal 2008). Ferrari et al. found that
enolase of Neisseria meningitidis can be found in the spontaneously released outer membrane vesicles (Ferrari 2006). Yu et al. showed that the enolase secretes via exosomes in
the eukaryotic cells (Yu 2006). Recent study on Clonorchis sinensis demonstrated that
enolase is an excretory/secretory protein and is also a multifunctional metabolic enzyme
(Wang 2011). Extensive studies from different groups in the last ten years support the
presence of an alternative secretion mechanism other than the classical pathway to drive
enolase through the membrane to the cell surface or into the extracellular medium
(Nombela 2006; Antikainen 2007; Knaust 2007). E. coli α-haemolysin is exported
through the ABC transporter but apparently some via the spontaneously released outer
membrane vesicles. Moreover, the export signal of the α-haemolysin resides on a 23 kDa
C-terminal domain, which is sufficient for the export through the membranes (Balsalobre
2006).
B. subtilis enolase was found in the extracellular compartment by many research
groups (Tjalsma 2004; Vitikainen 2004; Antelmann 2006; Zanen 2006), but how and
why the enolase of this non-pathogenic strain is secreted remains unknown. We have re-
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ported that enolase and other cytoplasmic proteins without a cleavable signal sequence
can be secreted from Bacillus cells into the medium in the absence of cell lysis, and a hydrophobic helix domain may be important for the secretion (Yang 2011). Using the crystal structure of Enterococcus hirae enolase (Hosaka 2003) as the template, a predicted
molecular structure of enolase was modeled by Swiss-Model (Arnold 2006). Bacillus
enolase is composed of one small N-terminal domain (P2-N138) and one large C-terminal
domain (S139-K430). According to Swiss-Prot database (Entry No. 37869), the C-terminal
barrel domain contains four phosphorylation sites, substrate and Mg2+ binding sites and
two catalytic motifs. A long unbent α-helix (A108-L126) of enolase resides in the Nterminal domain, in which a hydrophobic core region (A110-C118) is predicted as the
membrane-embedded (EM) domain by the PSSM_SVM scheme (Hu 2007).
In this work, we use the cloned enolase and a series of mutations in the hydrophobic EM domain to examine their effects on their secretion in B. subtilis. In addition,
we found that the cloned enolase can also be exported in E. coli, indicating that the secretion of enolase is not species-specific. Moreover, we have identified a N-terminal domain
of B. subtilis enolase that facilitates the secretion of a reporter protein. Taken all data together, we conclude that this highly conserved hydrophobic α-helix is unique and involved in enolase secretion.
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MATERIALS AND METHODS

Bacterial strains, plasmids, culture conditions and growth. Bacterial strains
and plasmids are listed in Table 2.1. Bacillus subtilis WB600BHM and E. coli strain
DH5α were grown in Luria-Bertani (LB) broth or agar plates containing 0.2% glucose at
37oC. The following antibiotics were used as required: ampicillin (100 g/ml), chloramphenicol (100 µg/ml), and kanamycin (10 g/ml).

Cloning of B. subtilis enolase mutants. Constructions of the wild-type Bacillus
eno gene and other mutations on shuttle vector pDG148 using overlapping PCR were described previously (Yang 2011). To express FLAG-tagged enolase and mutants, the wildtype and mutated eno genes were PCR amplified and cloned into the SacI/PstI sites of
pGTN-FLAG (Yang 2011) (Fig. 2.1).

Expression of Bacillus enolase and its mutants. The overnight cultures of E.
coli DH5α or B. subtilis WB600BHM transformants containing Bacillus enolase gene
were inoculated into fresh LB medium and cultured with orbital shaking at 250 rpm and
37 ℃. 1 mM IPTG was added when O.D. reached 0.2 to induce the protein expression. In
B. subtilis: After 10 hr of cultivation, cell pellets were collected by centrifugation, resuspended in 10 mM Tris-HCl (pH 8.0) buffer containing 1 mM EDTA (TE buffer) and followed by French Press to break the cells. The whole cell lysates were centrifuged at
12,000 × g, for 10 min to remove cell debris and insoluble materials, and the supernatants
were collected as the soluble whole cell lysates. The spent media were filtered through a
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0.45 μm-pore-size filter (Fisher Science, MA) and the proteins were precipitated using
DOC-TCA method (CSHProtocols 2006). The precipitated protein pellets from media
were washed once with ice-cold 100% acetone, dissolved in TE buffer and used as the
culture filtration fraction. In E. coli: After 8 hrs of incubation, cells were processed followed the same procedures described above. All prepared samples were mixed with the
equal amount of 2X sample buffer. Protein profiles of E. coli or B. subtilis were analyzed
by SDS-electrophoresis and followed by immunoblots with B. subtilis enolase antibodies
under condition in which E.coli enolase was not detectable.

Construction of Green Fluorescent Protein fusions with enolase. Green Fluorescent Protein (GFP) was amplified from pBAD-gfpuv (Clontech, Mountain View, CA)
and the restriction sites XbaI and SphI were introduced on 5’ and 3’ sites of GFP, respectively. The PCR product was digested by XbaI/SphI and subcloned onto the corresponding sites of E. coli/B. subtilis shuttle vector pDG148 in which the cloned gene was placed
under the control of Pspac promoter and resulted in a plasmid pDGGFP. To construct the
different lengths N-terminus fusion with GFP, nine PCR-amplified N-terminus fragments
were inserted into pDGGFP. Nine different plasmids include pDGGFP-140Eno (whole
N-terminus), pDGGFP-ΔC14 (1-126), pDGGFP-ΔC22 (1-118), pDGGFP-ΔC31(1-109),
pDGGFP-sp (102-126), pDGGFP-ΔN16 (17-140), pDGGFP-ΔN40 (41-140), pDGGFPΔN54 (55-140), and pDGGFP-ΔN81 (82-140). The sequences of the entire inserts in the
pDGGFP-derived plasmids were confirmed by DNA sequencing.
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Gel electrophoresis and Western blots. Protein samples were mixed with an
equal volume of 2x loading buffer and analyzed by standard Laemmli sodium dodecyl
sulfate (SDS) electrophoresis in 12.5 % polyacrylamide gels (Laemmli 1970). Gels were
stained with Coomassie Blue R-250. For Western blots analysis, proteins on the gel were
transferred to polyvinylidene difluoride (PVDF) membrane (Problot, Applied Biosystems) (Towbin 1979). The primary antibody against Bacillus enolase was from the laboratory stock and anti-FLAG serum F7425 was purchased from Sigma-Aldrich (SigmaAldrich, St. Louis, MO). The alkaline phosphatase linked goat anti-rabbit antibodies
(Bio-Rad) were used as secondary antibodies for all reactions. Membranes were developed according to manufacturer’s instructions.

RESULTS
A highly conserved hydrophobic α-helix domain affects secretion of enolase.
We previously demonstrated the recombinant enolase (EnoBs-FLAG) and EM replacement mutant (EMR-FLAG) were expressed well as soluble forms but failed to secret, indicating the involvement of EM region on enolase secretion (Yang 2011).
We examined whether the hydrophobicity of this EM region is important for the
export process. We constructed three double or triple substitutions in the hydrophobic
region (#110-116) by glycines, which provides the conformational flexibility and is less
hydrophobic including 110AIL→ 110GGG (AIL), 114VS→ 114GG (VS), 116MAC→ 116GGG
(MAC) on pGTN-FLAG. The expression levels of mutant proteins were significantly affected by glycine-substitution mutation, especially the 110AIL→ 110GGG (Fig. 2.2) which
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had no detectable band in the intracellular sample. There was a minor band detected from
the MAC mutant, while GVS was expressed normally (Fig. 2.2), indicating the differential levels of expression/stability. None of these mutant proteins could be recovered from
extracellular samples, showing that the hydrophobicity or sequence specificity of this region of enolase plays a critical role on its secretion in Bacillus.
To further understand how this helix affects the export of enolase, additional mutants were constructed which extended from the EM domain region including
108

GG (AN),

119

ARA→

119

GGG (ARA),

122

AAD→

122

GGG (AAD), and

125

108

FL→

AN→

125

GG

(FL) that cover the whole hydrophobic helix region. Mutation on AN, ARA and AAD
affected secretion of recombinant enolases while chromosomal enolase secreted normally
(Fig. 2.2). Similar to the AIL, the AN mutant protein was undetectable in either intra- or
extracellular portions. On the other hand, the FL mutation, located opposite to the AN
mutation on the other end of helix, showed a similar expression level as the chromosomal
copy and the mutation on FL did not affect the export of enolase (Fig. 2.2). These data
indicates that the hydrophobicity of the α-helix between A108 and F125 plays an important
role for the stability and secretion of the enolase.

The conserved basic residues flanking the HC region are not crucial for the
export. Positively charged amino acid residues on transmembrane domain could provide
additional interactions between membrane proteins and the negatively charged phospholipids (von Heijne 1992; Heximer 2001; Thiyagarajan 2004). There are three positively
charged residues flanking the HC region of enolase, and these residues are highly conserved in enolases of different species (Fig. 2.3a, labeled with “+”). Three mutations
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(K103G, K105G & R120G) were constructed on pGTN-FLAG to determine the possible
roles of these positively charged residues in the export process. The results showed glycine-substituted single mutations had no effect on exporting enolase (Fig. 2.3b). We further constructed three double-mutations of enolase that two of the three positively
charged residues had been changed to glycine, and resulted in three-double mutants including K103G+K105G, K103G+R120G, and K105G+R120G. When the effect of
double-mutation was evaluated on the secretion of enolase, we found that none of the
mutants affected secretion procedure (Fig. 2.3b). Taken together, the flanking positive
charges within this region do not affect enolases interaction with membrane and export in
B. subtilis.

The hydrophobic α-helix is unique for enolase secretion. Although the importance of hydrophobic helix on secretion has been demonstrated, it is possible the impact
of secretion is the consequence of mutation on the N-terminus of enolase. To test its
unique role on secretion, we constructed another enolase mutant in which the last helix in
N-terminus was broken by the substituting a proline (Q132P). However, the mutated enolase was expressed and secreted as shown in Fig. 2.4a. Thus, the hydrophobic helix is
unique and plays a very important role on enolase secretion.

The hydrophobic core dependent secretion is a general phenomenon. We have
demonstrated that deletion or replacement of this entire helix reduces the secretion of
enolase in Bacillus. It has been reported that E.coli enolase can be exported out of the
cells into the medium (Boel 2004). We also found that the cloned Bacillus enolase could
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also be secreted in E. coli (Fig. 2.4a). We next determined whether the importance of EM
domain on enolase secretion is specific for Bacillus or is also important in E. coli. As
shown in Fig. 2.4b, the Bacillus enolase deleted or replaced of EM domain were expressed and remained soluble inside cells but the deletion also impaired the secretion in
E. coli. Thus, this EM domain is also important in the secretion in E. coli, indicating a
general phenomenon for the role of EM domain in the secretion.

The minimal length of N-terminus of enolase necessary for fusion protein secretion. The enolase sequence alignments of E. coli. and B. subtilis revealed that the hydrophobic α-helix as described above is highly conserved. Based on the general notion
that a hydrophobic α-helix is important for interactions between membrane proteins and
the membrane (Kyte 1982; Engelman 1986), we hypothesized that the highly conserved
hydrophobic α-helix of enolase may play an important role for targeting the protein to the
membrane or interacting with the membrane. To determine whether this putative helix
can be a signal for secretion or the helix itself can be secreted, the helix was cloned onto
pGT and expressed in B. subtilis. The result indicated that the helix itself is not enough
for secretion (data not shown). Sequentially, the EM domain or extended region were
used to determine if it could guide and promote the reporter protein to secret in Bacillus.
It has been reported that 169 amino acids on N-terminus of enolase in yeast sufficiently targeted the fused invertase to the cell surface (Lopez-Villar 2006). To test this
possibility, plasmid pDG148 harboring the reporter gfp gene was constructed, resulting in
a new plasmid pDGGFP. The N-terminus of EnoBs was cloned onto pDGGFP to test if it
can be used as a signal to direct GFP across membranes and secrets into the growth me-
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dium (p140EnoGFP, 140EnoGFP). Indeed, the N-terminus is capable of directing fusion
protein across the Bacillus membrane (Fig. 2.5), as in the case of yeast enolase. We further dissected the N-terminus of enolase to determine the minimal length of carrying GFP
to export. Nine hybrid proteins were constructed with different lengths of enolase Nterminus on pDGGFP. The nine constructs include pΔN16GFP (Δ1-16, N16),
pΔN40GFP (Δ1-40, N40), pΔN54GFP (Δ1-54, N54), pΔN81GFP (Δ1-81, N81),
pΔN99GFP (Δ1-99, N99), pΔC14GFP (Δ127-140, C14), pΔC22GFP (Δ119-140, C22),
pΔC31GFP (Δ110-140, C31), and pSpGFP (102-126, Sp).
Our results showed that the whole 140 N-terminus indeed can serve as a signal to
direct the secretion of fused GFP to the medium (Fig. 2.5). Further truncation of various
N-terminus constructs showed an unstable pattern as detected by immunoblot analysis,
and only N40 showed a reduced expression in the intracellular medium (Fig. 2.5). On the
other hand, truncation from C-terminal of the 140 residues N-terminus showed a similar
expression level as whole N-terminus fusion 140EnoGFP (Fig. 2.5). Nevertheless, none
of them was active, indicating truncation on N-terminus of enolase lost the ability of fusion GFP to cross the membrane and that the whole 140 N-terminus is required to direct
GFP for secretion.

DISCUSSION

Enolase is known to be a cytoplasmic protein and it converts PEG to pyruvate in
glycolysis. We have previously reported that the secretion of many cytoplasmic proteins,
including enolase, without classical signal peptides in the extracellular media during the
stationary phase are not due to cell lysis, and a hydrophobic helix of enolase may be im-
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portant for its secretion (Yang, 2011). In this study, we further analyze the role of this
region in secretion. There is increasing evidence that extracellular enolase associate with
the cell membrane (Pancholi 2001; Sha 2003; Sijbrandi 2005; Balsalobre 2006; LopezVillar 2006; Pal-Bhowmick 2007; Agarwal 2008). Moreover, several groups have recently reported that enolase was found on the cell surface to interact with host’s plasminogen
(Hurmalainen V 2007; Mirjam E. Meltzer 2010; Wang 2011).

By computational approaches, we have identified an EM domain buried in a hydrophobic region of the N-terminus of enolase which is predicted to integrate into membranes (Hu 2007). Genetic alternations and structural replacements of the EM domain
abolished the secretion of the mutated enolases while the chromosomal enolase still secreted without any impact, indicating the presence of the EM domain is necessary for
enolase secretion (Yang, Ewis et al. 2011). However, in that study, the replaced EM domain possessing a lower hydrophobicity than that of the original sequence, hence, we investigate the importance of the hydrophobicity of this region for secretion of enolase.

To address this, the hydrophobicity of mutants were calculated and monitored using method adopted from Kyte-Doolittle (Kyte 1982) followed by substitution of glycines
on the HC core region. Regardless of hydrophobicity changes, no secretion was observed
on all glycine substituted mutants. Though mutants ARA and AAD have similar hydrophobicity and stability as the wild-type enolase, both mutations blocked the secretion. A
possible explanation on this phenomenon is the substitutions on ARA and AAD resulting
in losing sequences or structures that may be required to interact with an unknown secre-
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tion apparatus. On the other hand, glycine substitution on ARA and AAD may result in
unexpected structure changes, hence, affected the secretion of mutated enolase. Among
these substitution mutants, only FL mutant showed no effect on enolase secretion although it is a part of the important helix. The data suggest that residues FL are not important on either structure or sequence specificity.

Mutations of the positively charged residues demonstrated no significant effects
on enolase secretion, indicating that they are not important factor on enolase secretion in
Bacillus. Chen and other researchers had reported that positively charged residues in Bacillus may not be essential for export, and longer hydrophobic sequences may compensate the lack of positively charged residues on Bacillus signal peptide (Chen 1994). The
core of hydrophobic helix in the EM domain of enolase contains 25 amino acids which is
longer than a typical signal peptide and it may render the positively charged residues
flanking the HC region negligible. On the other hand, this unique secretion is a general
phenomenon as mutation on EM domain abolished its secretion in E. coli. Moreover, although the helix plays an important role on enolase secretion, the helix itself is not sufficient to secret.

GFP experiments showed that the N-terminus 140 amino acids of enolase could
act as a signal to direct the GFP export and further deletions from both N- and C-termini
impair the export. It was noted that truncation from N-terminus of this region affected
protein stability. Three β-sheets were predicted at N-terminus from amino acid position 1
to 40, and modification of these β-sheets may destabilize the structure as the result of on-
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ly very few truncated enolases can be recovered in the intracellular compartment. To confirm this possibility, those unstable mutants were expressed at 25OC to prevent protein
degradation. The unstable mutants including N16, N40, N54, and N81were successfully
expressed at 25OC, but N99 still failed to be recovered from the cell lysate indicated this
construct is extremely unstable (data not shown). However, a cleaved GFP band was also
detected by immunoblots under these constructs implied their instabilities under this condition. On the other hand, GFP alone without any fusion was found in the medium implied the presence of cell lysis at this low temperature in stationary phase. This result was
further confirmed by the dropping O.D.600 reading in stationary phase.

In contrast, truncation from the C-terminal of N-terminus showed a normal expression at 37OC, but none of the mutants can be recovered in the medium. Therefore, the
N-terminus of enolase is structurally unique and is needed to be maintained to function as
a signal.

Recent reports showed that enolase of C. sinensis functions not only as a key enzyme of glycolysis but also reacts with plasminogen of the host cell to facilitate host tissue invasion (Wang 2011). In addition, two trans-membrane domains have been predicted and the second domain near C-terminus most likely is related to plasminogen binding (Wang 2011), while the first domain is conserved and may be required for enolase
export. Since B. subtilis is not a pathogenic bacterium, conceivably, the second domain is
not required and is dispensable during evolution.
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Taken together, we provide evidence that the hydrophobic helix is required for
enolase secretion in B. subtilis and E. coli, suggesting this is a general phenomenon. In
addition, to export protein across the membrane, N-terminus structure of enolase has to
be maintained and the whole N-terminus sequence is needed to promote the secretion of a
reporter such as GFP fusion. However, the interactions between the hydrophobic helix of
enolase and membranes remain unclear. Although the extracellular function of enolase is
not yet identified, numerous reports have proposed enolase as a multifunction protein in
various species. Therefore, it is possible that its extracellular function may be required
during the stationary phase.

ACKNOWLEDGEMENTS

This work was supported by a NIH research grant GM 34766. We thank Hae-Jin
Hu and Yi Pan for providing the profile of EM domain in enolase, Hsiuchin Yang for
discussions and Ping Jiang for the DNA sequencing service in the GSU Biology Core Facility which is supported by the Georgia Research Alliance, Molecular Basis of Disease
Program and Center for Biotechnology and Drug Design.

59

Figure 2.1. Genetic and restriction map of the expression vector pGTN-FLAG. PgroE, Plac
and SDgsiB represent the B. subtilis groE promoter, E. coli lac promoter and the SD sequence of B. subtilis gsiB gene, respectively. t1t2 and t0 are the tandem terminators
cloned from pMUTIN4. ori, rep, and cat represent the sequences coding for the ColE1
replication origin, replicase and chloramphenicol resistance marker, respectively. The
arrows show the transcription directions for these genes.
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SWC
SP

Figure 2.2. The substitution mutations in the hydrophobic core region affected the secretion of enolase. Different glycine substituted mutants were expressed in B. subtilis
WB600BHM and intra- and extracellular samples were harvested at 10 hrs after incubation. Soluble whole cell fraction (SWC) and supernatant (SP) were studied by immunoblots. Eno: wild type enolase; EMR: helix replaced enolase; GAN: GAN→GGG mutant;
AIL: AIL→GGG mutant; VS: VS→GG mutant; MAC: MAC→GGG mutant; ARA:
ARA →GGG mutant; AAD: AAD→GGG mutant; FL: FL→GGG mutant.
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(a)
EM domain †

† †

100
*
120
*
B.subtilis : DQLLIELDGTENKGKLGANAILGVSMACARAAADFLQIPLYQYLG : 135
E.coli
: DKIMIDLDGTENKSKFGANAILAVSLANAKAAAAAKGMPLYEHIA : 135

Hydrophobic Alpha-helix

(b)

Anti-Eno

Anti-FLAG

Figure 2.3. Substitution mutations of positively charged residues flanking the HC region
did not affect enolase secretion. (a). Multiple sequence alignment of various enolases.
Numbers at the ends of each line represent residues from the amino termini: B. subtilis
(Bacil), and E. coli (Ecoli). The sequences of B. subtilis hydrophobic α-helix and the EM
domain region are indicated. Three basic residues (K103, K105, R120) flanking the hydrophobic core region are labeled with a “+” on the top. (b). Substitution mutants were expressed and harvested at 10 hrs after inoculation. Supernatants were used to study secretion of mutants. Enolase was detected and visualized by Western blotting using antiEnoBs antibody (Anti-Eno) and anti-FLAG tag antibodies (Anti-FLAG). Lanes:1, Wild
type enolase (eno). 2, K103G; 3, K105G; 4, R120G; 5, K103G+K105G; 6,
K103G+R120G; 7, K105G+R120G.
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(a)

(b)
EnoBs
EMR

EnoBsΔH
SWC

SP

Figure 2.4. Hydrophobic core of enolase is unique for secretion. (a). Mutation of the
small helix did not affect secretion. The small helix locates on the N-terminus of enolase
from L130 to L134, Intra- and extracellular samples were collected at 10hrs during growth.
Soluble cell lysates (SWC) and supernatant (SP) were used to study secretion of mutants.
Enolase was detected and visualized by Western blotting using anti-enolase antibody.
Lane 1: Wild type enolase SWC, 2: wild type enolase SP, 3: Q132P SWC, 4: Q132P SP.
(b). Bacillus enolase can be secreted in E. coli and mutation on EM domain abolished
secretion. E. coli that harboring pDG-EnoBs/ pDGEMR/ pDGEnoBsΔH were cultured
and secretion of these recombinant proteins was monitored. Soluble cell lysates (SWC)
and supernatant (SP) were harvested as described in material and methods. Enolase was
detected and visualized by Western blotting using anti-enolase antibody. EnoBs: Bacillus
enolase, EMR: EM domain repelcement, EnoBsΔH: EM domain deletion mutant.
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SWC

SP

SWC

SP

Figure 2.5. Whole N-terminus of EnoBs is capable to work as a signal for recombinant
GFP. Series deletion of N-terminus from its N-terminal and C-terminal were prepared
and fused with GFP. Recombinant GFPs were expressed in B. subtilis, and intracellular
and extracellular samples were harvested at 12 hrs after inoculation. Soluble fractions of
intracellular samples were prepared as aforementioned. The secretion patterns of GFPs
were investigated using immunoblots with GFP antibodies.
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Table 2.1. Bacterial strains and plasmids
Bacterial
strains, and Plasmids
E. coli DH5

Genotype or description

Source
or reference

F- 80 lacM15 (lacZYAargF) U169 deoR recA1
endA1hsadR17 (rkmk) supE44-thi-1gyrA96relA1

BRL

B. subtilis
trpC2 nprE aprE bpf epr mpr::ble nprB::bsr.

(Yang et al., 2011)

pDG148

bla, kan, shuttle vector

(Yang et at., 2011)

pDGGFP

bla, kan, gfp, shuttle vector

This study

pDGGFP-140Eno

bla, kan, 140-eno, shuttle vector

This study

pDGGFP-ΔC14

bla, kan, eno ΔC14, shuttle vector

This study

pDGGFP-ΔC22

bla, kan, eno ΔC22, shuttle vector

This study

pDGGFP-ΔC31

bla, kan, eno ΔC31, shuttle vector

This study

pDGGFP-sp

bla, kan, sp-eno, shuttle vector

This study

pDGGFP-ΔN16

bla, kan, eno ΔN16, shuttle vector

This study

pDGGFP-ΔN40

bla, kan, eno ΔN40, shuttle vector

This study

pDGGFP-ΔN54

bla, kan, eno ΔN54, shuttle vector

This study

pDGGFP-ΔN81

bla, kan, eno ΔN81, shuttle vector

This study

pDGEnoBsΔH

bla, kan, lacI, enoBsΔH

pGTN

bla, cat, lacI , shuttle vector

This study

pGTN-FLAG

bla, cat, lacI , shuttle vector

(Yang et at., 2011)

WB600 BHM

Plasmids

(Yang et at., 2011)
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pEnoFLAG

bla, cat, lacI , eno-FLAG

(Yang et at., 2011)

pEMRFLAG

bla, cat, lacI , EMR-FLAG

(Yang et at., 2011)
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ABSTRACT

Transcriptome analysis revealed several interesting patterns in gene expression
when the cell growth switches from exponential phase into the stationary phase. As expected, once cell growth was toward the transition phase, expressions of most SigAdependent house-keeping genes (e.g. syntheses of ATP, amino acids, nucleotides, ribosomes), and secY and yidC genes in the Sec-dependent general protein secretion system
were significantly decreased. Surprisingly, secA, ffh (signal recognition particle) and sipT
(signal peptidase) were progressively induced from exponential phase while secY was
repressed. Besides, rpsF, rpsL, rpmF, rpsG, fusA and tufA genes which function on ribosome synthesis and elongation after decreased in the transition phase were found progressively induced in the stationary phase suggesting special functions of these proteins. The
sigB gene and the SigB regulon of 124 genes for stress response exhibited a distinct pattern of transient induction with a peak in the transition phase. A total of 68 genes were
induced by at least three fold after cessation of SigB-dependent surge including sigW,
SigW-depedent detoxification genes, and oxidative stress response genes. In addition,
induction of fruRAB and repression of pgi, pfk and fabA suggested fructose utilization
occurred and a sequential switch of carbon source from glucose to fructose. These results
indicate a complex adaptation as Bacillus cells change from the fast growing exponential
phase toward the stationary phase.
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INTRODUCTION

Bacillus subtilis has been the model organism to study sporulation and development of Gram-positive bacterium. In addition, it is widely used by pharmaceutical and
biotech companies to produce various enzymes and antibiotics. The processes of secondary metabolite synthesis, protein secretion, and sporulation occur when the cells enter into the stationary phase of growth. Although the overall cell numbers remain static, the
stationary phase is considered the most dynamic period in turns of gene expression in response to ever-changing growth environments. Depending on the specific physical and
chemical growth conditions, the genetic circuits of the cells are designed to make prioritized decisions for adjustments when facing multiple stress factors arising from growth.
Accordingly, the nature of this design makes it a very challenging task to predict the status of the cells at the genetic level in the past. Equipped with a complete and annotated
genome sequence as well as modern genomic tools, it is now feasible to conduct systematic analysis of this complicated phase of bacterial growth.
Bacillus has developed a sophisticated system when encounters stress from the
environment or nutritional limitation. A set of 17 sigma factor have been identified in
Bacillus (Haldenwang 1995) that works with RNA polymerase core enzyme to provide
differential gene expression when a specific stress is detected. Among these sigma factors, 10 of them have identified functions (Haldenwang 1995), which include six vegetative-cell related sigma factors (SigA, SigB, SigC, SigD, SigH, and SigL) and four sporu-
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lation-specific sigma factors (SigE, SigF, SigG, and SigK). Other than those major sigma
factors, seven extra sigma factors were identified during whole genome sequencing of B.
subtilis (Kunst 1997) including SigM, SigV, SigW, SigX, SigY, SigZ, and YlaC. They
belong to the family of extracytoplasmic function sigma factors (ECF) that in response to
external signals including denature of protein, oxidative stress, salt, heat and cold stress
in B. subtilis (Asai, Yamaguchi et al. 2003). However, the functions of these ECF sigma
factors are not all known (X Huang 1997; Asai, Yamaguchi et al. 2003; Cao and
Helmann 2004; Yoshimura, Asai et al. 2004; Pietiäinen, Gardemeister et al. 2005; Luo,
Asai et al. 2010). Only three ECF sigma factors (SigW, SigM and SigX) have designated
functions which mediate responses to cell wall envelope-active antibiotics (Luo, Asai et
al. 2010).
To better understand the physiological status of B. subtilis during growth, DNA
microarrays (GeneChip® by Affymetrix) were employed to conduct transcriptome analysis. Although many publications report investigation of bacterial responses to specific
stresses or genetic mutations by this approach, however, none of them focused on how B.
subtilis adapts to growth phase changes in a temporal manner. Therefore, the major aim
of this work was to study transcriptional profiling when the cells shift from the exponential phase to stationary phase by a series of snapshots in this specific time window.

MATERIALS AND METHODS
Bacterial strains, culture conditions, and growth. Bacillus subtilis strains 168
was grown in Luria-Bertani (LB) broth or agar plates containing 0.2% glucose at 37 oC.
The overnight seed cultures of B. subtilis 168 was inoculated into fresh LB medium at a
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dilution ratio of 1% (v/v) and cultured with orbital shaking 300 rpm at 37 ℃. At various
times, 4 mL of B. subtilis cells were collect by centrifugation at 16,000 x g. The collected
cells were then subjected to total RNA extraction.

RNA isolation, generation of cDNA, hybridization of GeneChip, and data
analysis. Cells that harvested at time points aforementioned were used to extract total
RNA as described previously (Kwon and Lu 2006) and sequentially purified by QIAGEN spin columns (Chatsworth, Calif.) after DNase I treatment. Preparation of cDNA,
hybridization of GeneChip (Affymetrix, Santa Clara, CA 95051), and data analysis were
performed as previously described (Lu, Yang et al. 2004). To systematically study gene
expressions upon different time points, the antisense Bacillus subtilis genome arrays were
utilized to monitor the gene expression. In addition, to have better sensitivity and reveal
different patterns from transcriptome data, some restrictions have been set in GeneSpring
including: First, gene expression level below 100 at all times was adjusted to 100,
Second, expression level must be above 300 at 3 different time points. Third, one of the
time points must be above 500. Gene must fit all criteria to be remained to further analysis. Then the remaining data was collected and threefold change was used as a cut-off
value and applied to genechip results to be considered significant.
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RESULTS AND DISCUSSION

Clusters of time course-dependent transcriptional profiling. The changes of
gene expression when the cells shift from the exponential phase to stationary phase of
growth were studied. Bacillus subtilis was grown in Luria-Bertani (LB) medium with
0.2% of glucose as supplement to prevent sporulation. Total RNA samples were taken at
200 min (-T60), 220 min (-T40), 240 min (-T20), 260 min (T0), 300 min (T40), 360 min
(T100), and 420 min (T160) after inoculation (Fig. 3.1a). With the criteria for data mining described in Materials and Methods, the total number of genes that were considered
active during any time point of this study was minimized from 4108 to 2231. Within
these genes, 1638 of them exhibited less than three-fold change during growth in this
time window, and therefore were excluded for further analysis. For the remaining 726
genes, in general they can be differentiated into three clusters based on time coursedependent expression patterns as described below.

Genes that are turned off in the stationary phase. The first pattern was shown
in Fig. 3.1b (p-1), where gene expression was high at time points –T60 and –T40, followed by a drastic downturn at T0, and remained low for the rest of time points. A list of
226 genes belongs to this cluster, including operons for ribosome components, cell wall
synthesis, de novo nucleotide biosynthesis, ATP synthase, and ABC transporters. Most of
genes within this pattern are transcribed by the SigA-dependent RNA polymerase. SigA
is the primary sigma factor that is responsible for transcription of most genes in vegetative stage. It is also named “housekeeping” sigma factor to emphasize the importance on
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maintaining Bacillus physiology (Jarmer, Larsen et al. 2001). More than 400 genes have
been reported that are regulated by SigA (Sierro, Makita et al. 2008). The expression profile of sigA during growth was shown in Fig. 3.2a. The sigA gene along with the upstream
yqxD and dnaG genes form an operon, and expression of which was turned on in the exponential phase (-T60) but was repressed to its basal level at time point T0 and points after.
As expected, genes in this cluster were turned on during the exponential phase to
ensure supply of basic building blocks and assembly of macromolecules to sustain bacterial growth, and were turned off when the cell growth stopped in the stationary phase.
Strikingly, rpsF, rpmF, rpsL, and rpsG encoding ribosomal components showed significant induction from transition phase which is quite different from other ribosomal genes
(Fig. 3.2a). In addition, fusA and tufA (fusA encodes EF-G and tufA encodes EF-Tu)
forming an operon with upstream rpsG also showed a similar pattern, suggesting induction of this specific set of housekeeping genes was not due to experimental artifacts.
However, why these ribosomal genes got induced in transition phase is not clear.

Genes that are transiently induced at the transition stage. The second pattern
displayed a surge of gene expression at T0 as shown in Fig. 3.1b (p-2). There are 43
genes categorized into this group, including sigB (Fig. 3.1a) and its regulatory genes
rsbVWX. All genes in this cluster have been reported as members of the SigB regulon
(Akbar, Gaidenko et al. 2001; Brigulla, Hoffmann et al. 2003; Zhang and Haldenwang
2003; Kuo, Zhang et al. 2004; Pané-Farré 2005).
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In response to a variety of stress and starvation stimuli, B. subtilis has the capacity
to post a drastic induction of more than 150 SigB-dependent general stress genes (Akbar,
Gaidenko et al. 2001; Brigulla, Hoffmann et al. 2003; Zhang and Haldenwang 2003;
Kuo, Zhang et al. 2004; Pané-Farré 2005). The activity of SigB itself is subjected to a
very complicated regulatory cascade triggered by either physical stress (e.g. salt, ethanol,
temperature) or nutritional stress (e.g. phosphate, carbon source, nitrogen source). The
SigB protein can be inactivated when bound by the regulatory protein RsbW, and which
itself can be sequestered by RsbV. The antagonist activity of RsbV was lost when phosphorylated by RsbW. When the cells encounter stress, RsbU or RsbP (YvfP) can dephosphrylate RsbV to facilitate its association with RsbW, and as the consequence, release SigB from the RsbW-SigB complex.

The sigB gene is in an eight-gene operon in the order of rsbRSTUVW-sigB-rsbX
(Kunst 1997). As shown in Fig. 3.2a & 3.2b, expression of rsbVW-sigB-rsbX exhibited
the distinct surge pattern of this cluster while expression of rsbRSTU remained constitutive. This result is consistent to the reports that transcription of the rsb operon is initiated
by a SigA-dependent promoter upstream of rbsR and a SigB-dependent promoter upstream of rsbV (Wise 1995; Kunst 1997).

Since the SigB regulon responds to stress, its unique pattern of a surge expression
suggests that the cells encountered stress of unknown nature when reaching T0, and this
stress was released soon after a surged response by the SigB regulon. A possible candidate of this stress stimulus is low ATP level. It has been reported that during nutrient li-
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mitation the intracellular ATP level was reduced (Stülke, Hanschke et al. 1993; U
Voelker 1995), and the low level of ATP, but not GTP or the redox state, can specifically
trigger SigB expression (Zhang and Haldenwang 2005). Consistent to this hypothesis was
the observation that expression of ATP synthase genes was drastically reduced when the
cells enter into time point T0 (Fig. 3.2a). If low ATP level indeed is the trigger, returning
of sigB expression to the basal level at T20 and points after would suggest that the cells
regain a relatively high ATP level once past T0, perhaps through reorganization of metabolic pathways to cut ATP consumption.

From this study it was noted that 12 genes in the reported SigB regulon display
expression patterns that are different from that of sigB. While many of these genes were
constitutively expressed, the following genes caught our attention with unique patterns yceCDEFGH, sodA, ydbP, yjbD, and yraA. Based on their expression pattern, these genes
were grouped into the third cluster as described below.

Genes that are induced in the stationary phase. In general, genes in this cluster
exhibited a pattern of strong induction in the stationary phase as shown in Fig. 3.1b (p-3),
and they were further divided into three subgroups based on physiological functions.

(i) toxin-antitoxin and membrane stress response. In this subgroup, 20 genes in 11
operons were reported as members of the SigW regulon (Table 3.1). SigW has been reported that regulates detoxification response and the production of antimicrobial compounds (Turner and Helmann 2000; Cao, Wang et al. 2002), and its regulon contains sev-
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eral membrane-localized proteins which can be activated under membrane stress
(Kingston, Subramanian et al. 2011). The activity of SigW is controlled by anti-sigma
factor RsiW (YbbM) which traps SigW and prevents it from binding to RNA polymerase.
The release of RsiW from SigW is mediated by regulated in-transmembrane proteolysis
(RIP) (Ellermeier and Losick 2006; Koichi YANO 2011), which takes two steps to degrade RsiW and as consequence activated SigW and its regulon.

The following 14 genes were found to function related to antibiotic activities yqeZ-yqfAB, yknW, yfhL, yokD, yceCDEF, and yvlABCD. The yqeZ-yqfAB genes participate in detoxification of sublancin, a prophage-encoded bacteriocin (Butcher and
Helmann 2006). YfhL has been proposed to encode SdpI which can immune the toxic
peptide SdpC, a toxic peptide expressed in Spo0A-activated cells that kills bacillus sibling cells that have not activated Spo0A, thereby delaying the onset of sporulation
(Butcher and Helmann 2006; Stragier 2006). Similar function has also been elucidated on
yknW. yokD, which encodes an enzyme aminoglycoside acxetyltransferase, has been
found to be an effective inhibitor for anthrax lethal factor (Klimecka, Chruszcz et al.
2011). The yce operon may play a role in survival of ethanol stress while the yvl operon
has putative functions on cell envelope stress response. Other than those genes directly
defend antibiotic compounds, the lytR gene was recently renamed as tagU and has a function on anionic cell wall synthesis (Kawai, Marles-Wright et al. 2011) while yoeB is an
inhibitor that could prevent cell lysis caused by antibiotic (Salzberg and Helmann 2007)
implied a release of cell wall stress.
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Four other monocistronic genes were also found in the regulon including ybbM,
ysdB, yozO, and ythP. The ybbM and ysdB genes encode peptides in regulation of the
SigW activity while ythP has been predicted as an ABC transporter but yozO currently
has not been elucidate on its function.

(ii) Oxidative stress and repair. Other than genes belong to SigW regulon, 16
genes are found to have functions on oxidative stress response including resE, yjbD,
mrgA, ygaG, yurUVWX, trxB, yjbI, srfAA-srfAB-comS-srfAC-srfAD, and yutM and are
listed in Table 3.2. Among these genes, ygaG has been renamed as perR and functions as
a major regulator on peroxide stress (Fuangthong, Herbig et al. 2002) while yjbD has
been renamed spx which is a general stress regulator for oxidative stress (Zuber 2009).
Since most of oxidative response genes were governed by perR and spx, induction of this
set of genes implied a strong oxidative stress in the stationary phase. PerR responds to the
presence of peroxide especially H2O2 while Spx is sensitive to thiol-depleting agents. As
transcriptional regulators, PerR controls its regulon by binding to the Per-box while Spx
is a RNA polymerase-binding protein (Fuangthong, Herbig et al. 2002; Zuber 2004). The
strong induction of PerR and Spx regulons suggested that cells in stationary phase encountered a much harsh condition where more reactive oxygen species or toxic electrophiles are accumulated. It could lead to macromolecular damage, increase mutagenesis,
and even induce cell death (Zuber 2009). Indeed, we also found several genes that have
potential functions on DNA and protein repair and degradation in this cluster. This indicated that cells not only removed the oxidant and thiol depleting agents but also repaired
the damage from those stress to survive during stationary phase.
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sodA, ydbP, and yraA where previously found in SigB regulon but the expression
profile is far different from sigB. SodA is a superoxide dismutase in detoxification of
oxygen radicals. YdbP was predicted as a thioredoxin enzyme while YraA is a cystein
protease in degradation of damaged thio-containing proteins. Zuber reported that these
genes should be regulated by either PerR or Spx during growth (Zuber 2009). In addition,
perR and spx displayed a very similar pattern with that of sodA, ydbP, and yraA, also
suggesting that these genes could be under regulation by PerR or Spx.

(iii) Nutrient supply and proteins of unknown function. There are 22 genes listed
in this subgroup as shown in Table 3.3. The pstSCABAB operon has been reported to encode components for a phosphate uptake system, and its expression is induced by phosphate starvation (Antelmann, Scharf et al. 2000). Although the pst operon is considered
as a member of the PhoP-PhoR regulon (Allenby, O'Connor et al. 2004), its induction in
the stationary phase in this study were independent of PhoP as no other genes in the regulon were co-induced.

The fruRBA operon encoding a transcriptional regulator, fructose-1-phosphate kinase, and fructose-specific phosphotransferase system were also found induced in the stationary phase. Induction of the fruRBA operon and repression of pgi, pfk, and fbaA (data
not shown) in glucose utilization strongly indicated that the cells in the early stationary
phase have switched from glucose to fructose as carbon source. A constitutive high level
of gap, pgk, tpi, pgm, and eno expression would ensure fructose metabolism through glycolysis.
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Other than these polycistronic genes, a monocistronic gene yvgP induced progressively and significantly increased for 10 fold from –T60 to T160. This gene has been renamed nhaK due to its function on transporting cation and H+ and maintains cation concentration and osmosis (Fujisawa, Kusumoto et al. 2005), and it could be induced in stationary phase due to high concentration of Na+/H+. Similar expression profile was found
in our data suggested high concentration of cation presents in stationary phase and induction of this anti-porter gene could be used to maintain cell physiology.

The expression profile of general secretion pathways. Secretion is an important
feature for bacteria to maintain or survival during growth condition. Several secretion
mechanisms have been identified in B. subtilis (Tjalsma 2000; Antelmann 2001; Tjalsma
2004; Yang 2011), and the majority of the extracellular proteins are secreted by Sec
translocase. We observed a downturn on secY expression from –T40 and remained at
basal level in stationary phase (Fig. 3.3a). In addition, sppA is predicted as protease
which could degrade lipoprotein signal peptide shared a similar expression pattern as
secY also implied the dispensability of sec secretion system in stationary phase. Besides,
spoIIIJ which was predicted as yidC homolog behaved similarly as secY. On the contrary,
secA was induced from exponential phase and induction was continued into stationary
phase. Similarly, sipT and sipS encoding signal peptide peptidase I were gradually induced from –T20 to T160 (Fig. 3.3b). The late induction of secA and signal peptide peptidase I in stationary phase suggested the lack of secY could trigger the expression of secA and signal peptidase I. In addition, SRP gene ffh was induced in stationary phase also
implied a stress occurred by the absence of secYEG. Since the SecYEG apparatus was
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dispensable in an in vitro secA-liposomes translocation system (Ying-Hsin Hsieh and
Hao Zhang, unpublished data), perhaps an induced level of SecA in the stationary phase
suggests a possible SecA-alone translocase activity for protein secretion.
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Figure 3.1. The growth profile and gene expression of B. subtilis 168. (a). The growth
curve of B. subtilis 168 in LB with supplement of 0.2 % glucose was monitored. Total
RNA samples were collected from –T120 to T720. The gene expression profiles of sigma
factors sigB (purple) and sigW (green) were also shown in the figure. (b). Three major
expression patterns during growth. The pattern one (p-1) expressed in exponential phase
and stayed at basal level from transition phase (blue). The pattern two (p-2) showed a
significant induction at transition phase (T0) (green, left figure). The pattern three (p-3)
displayed a significant induction from T40 (red).
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Figure 3.2. The expression profiles of different sigma factors. (a). sigA expression during
growth. (b). rpsF, rpsG, rpmF, rplS, and rpsL expression pattern during growth. (c). sigB
and ATP synthase expression profile. (d). Three regulatory genes rsbV, rsbW, and rsbX
of sigB and their expression profile.
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Figure 3.3. Expression of sec dependent apparatus at different stages during growth. (a).
Gene expression profile of secYEG and yidC homolog spoIIIJ were monitored during
growth. (b). secA and signal peptidase I genes sipS and sipT progressively induced in stationary phase.
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Table 3.2. Oxidative stress and repair genes expressed in stationary phase
Gene
srfAA
srfAB
srfAC
srfAD
comS
resE
ygaG
yurU
yurV
yurW
yurX
trxB
yjbI
yutM
yjbD
mrgA
ymdA
yqfS
yqfR
ykrL

-T60

-T40

-T20

T0

T40

T100

T160

1,154
354
569
446

696
428
842
611

573
509
774
714

700
500
1067
854

1014
427
716
649

1922
1169
1922
1164

1978
2070
3712
2668

825

919

1014

881

851

1806

3152

1294
3720
3084
2646
3395
3610
968
699
1747
3673
3524
3547
490
947
392

907
3421
2171
1729
2189
2413
1199
986
1452
3324
3190
3192
305
521
429

1044
2968
1718
1348
2027
2147
1456
1595
2394
3572
2472
2926
328
617
933

1193
4517
1735
1364
1605
1825
3034
2545
4168
4059
1621
3986
486
977
1800

1145
4129
1686
1396
1540
2033
2253
2223
3827
3595
2305
4530
665
1029
1419

2179
6761
3429
2535
3220
3631
3038
2619
6536
6606
5188
8775
1242
2088
2264

3695
14112
5522
4097
5657
6012
4158
2743
6964
12292
12421
12246
2332
3264
3157

Function
surfactin synthetase
surfactin synthetase
surfactin synthetase
surfactin synthetase
regulator of genetic competence
ResE two-component sensory histidine kinase
transcriptional regulator (Fur family)
FeS cluster formation protein
iron-sulfur cluster assembly scaffold protein
cysteine desulfurase
FeS assembly protein SufD
thioredoxin reductase
putative thiol management oxidoreductase component
putative chaperone involved in Fe-S cluster assembly
redox-sensitive regulator enzyme (spx)
metalloregulation DNA-binding stress protein
ribonuclease Y
type IV apurinic/apyrimidinic endonuclease
ATP-dependent RNA helicase; cold shock
membrane protease
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Table 3.3. Nutrient supply and unknown function genes that expression significantly in stationary phase
Gene

-T60

-T40

-T20

T0

T40

T100

T160

yqgG
yqgH
yqgI
yqgJ
yqgK
yxiE
fruA
fruB
fruR

100
100
111
100
100
1322
269
192
458

206
273
286
196
244
1891
310
250
626

563
595
637
552
479
3149
520
376
920

720
847
893
916
863
3767
1151
782
2105

1343
1009
1093
1146
972
4410
758
648
1475

2987
1960
2239
2796
2393
7152
1494
919
2366

4619
3746
5091
6201
5561
11575
3924
2492
5705

phosphate starvation protein
phosphate starvation protein
phosphate starvation protein
phosphate starvation protein
phosphate starvation protein
phosphate starvation protein
fructose-specific enzyme IIABC component
fructose-1-phosphate kinase
transcriptional regulator

yvgP

730

1200

2583

4199

2717

4450

7224

Na+/H+ antiporter

yneJ
yqaP
yqgW
ynfC
yncM
ydeB
yebE
yfhJ
ylxM
ymzA
yqfU
yrzF

717
532
433
509
751
367
167
648
1709
379
225
320

652
611
893
408
1385
530
251
995
535
567
451
535

479
463
821
658
2050
867
503
1912
632
807
671
1074

678
520
790
728
3247
1499
652
2835
1589
1481
1225
1707

1078
1031
1670
870
3143
1442
363
2070
1537
1694
842
1614

1441
1549
3291
2011
6032
1467
180
2805
1555
2265
882
2670

2733
2035
2944
3112
5232
2592
344
5369
1265
2113
1331
3219

putative integral inner membrane protein
conserved hypothetical protein
conserved hypothetical protein
conserved hypothetical protein
conserved hypothetical protein
putative transcriptional regulator
conserved hypothetical protein
conserved hypothetical protein
conserved hypothetical protein
conserved hypothetical protein
putative integral inner membrane protein
putative serine/threonine-protein kinase

grey ba ckground col or i ndi ca ted tha t protei n wi th unknown function

Function
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GENERAL CONCLUSION

The secretion of cytoplamic proteins in the stationary phase in B. subtilis is controversial. In this study, we show that cell lysis cannot account for the secretion of proteins in late stationary phase by several lines of evidences: constant cell viability count,
no change in cell density in the presence of chloramphenicol, the negligible amounts of
SecA and EF-Tu in the medium, minimal effect on secretion using an autolysin mutant.
A recent report introduced a new prediction algorithm for the identification of
non-classical secretory proteins, based on the biological and chemical properties; such as
threonine contents, transmembrane helices, and protein disorder in the structure
(Bendtsen 2005). It is noted that enolase, pyruvate dehydrogenase (S-complex)
(Caulfield, Horiuchi et al. 1984; Caulfield, Furlong et al. 1985; Hemila, Palva et al.
1990), and GroEL are predicted to be non-secreted proteins using this prediction algorithm, while they are identified as abundant, secreted proteins in our study.
Recent publications indicated that several cytoplasmic proteins, present in extracellular environment, are associated with membrane vesicles in Gram-positive bacteria.
However, the extent to which the membrane-vesicles mediate release of these proteins
has not been reported, and such release is not significant for Est55, SodA and enolase.
Autolysins have been proposed to play several roles in motility, cell separation,
competency, antibiotic-induced lysis, pathogenesis, cell wall synthesis and turnover, and
differentiation (Blackman, Smith et al. 1998). A similar secretion pattern has been found
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in the autolysin-deficient mutant and its parent strain indicating that autolysins are not a
major factor.
Regardless of the mechanism of secretion, the presence of several cytoplasmic
proteins such as GroEL, SodA, and enolase in the medium with defined physiological
cytoplasmic functions raises an intriguing question: What is the significance of their
presence in the medium? It is noted that many of these key proteins are involved in energy consumption. Perhaps “dumping” these enzymes provides a way to quickly reduce
ATP consumption and re-orientate metabolism in preparation for sporulation or for cell
survival. Alternatively, it would be interesting to explore whether the secreted proteins
have functions that differ from their cytoplasmic counterparts. It has been reported that
many proteins have “moonlighting” functions (Jeffery 1999; Jeffery 2003), and that
Streptococcus enolase, for example, is an important factor for plasminogen binding and
adhesion during host invasion (Kolberg, Aase et al. 2006).
To further understand the mechanism behinds the signal-less protein secretion,
enolase was taken as a model system for investigation. Enolase is known to be a cytoplasmic protein and it converts PEG to pyruvate in glycolysis. By computational approaches, we have identified an EM domain buried in a hydrophobic region of the Nterminus of enolase which is predicted to integrate into membranes (Hu 2007) and may
play an important role on its export. Genetic alternations and structural replacements of
the EM domain abolished the secretion of the mutated enolases while the chromosomal
enolase still secreted without any impact, indicating the presence of the EM domain is
necessary for enolase secretion. Moreover, we have found that the replaced EM domain
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possessing a lower hydrophobicity than that of the original sequence, hence, the hydrophobicity of this region may need to be well maintained for secretion of enolase.
However, some mutants indicated even though the hydrophobicity was maintained, the secretion still impacted. The mutants ARA and AAD have similar hydrophobicity and stability as the wild type enolase, but both mutations blocked the secretion.
Among these substitution mutants, only FL mutant showed no effect on enolase secretion
although it is a part of the important helix. The data suggest that residues FL are not important on either structure or sequence specificity.
In addition, the effect of positively charged residues had also been studied in Bacillus and it had been shown that the positively charged residues play the least important
role on secretion when hydrophobicity, positively charged residue, and structure were
taken into consideration (Chen 1994). Three positively charged residues were found to
flank the important α-helix, however, mutations of these residues demonstrated no significant effects on enolase secretion, indicating that they are the least importance on enolase
secretion in Bacillus. Chen and other researchers had reported that positively charged residues in Bacillus may not be essential for export, and longer hydrophobic sequences may
compensate the lack of positively charged residues on Bacillus signal peptide (Chen
1994). The core of hydrophobic helix in the EM domain of enolase contains 25 amino
acids which is longer than a typical signal peptide and it may render the positively
charged residues flanking the HC region negligible.
GFP experiments proved that the N-terminus 140 amino acids of enolase could
act as a signal to direct the GFP export and further deletions from both N and C termini
impaired the export. There are three β-sheets were predicted at N-terminus, modification
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of these β-sheets may destabilize the structure as the result of only very few truncated
enolases can be recovered in the intracellular compartment. In contrast, truncation from
the C terminal of N-terminus showed a normal expression, but none of the mutants can be
secreted in the medium. Furthermore, loss of the hydrophobic helix was also failed to
function as a signal peptide for fusion GFP secretion. Therefore, the N-terminus of
EnoBs is structural unique and is needs to be maintained to function as a signal peptide.
We also monitored gene expression of Bacillus subtilis from the exponential
phase to the stationary phase. Three major patterns have been found among the genes that
expressed significantly during growth. The first significant pattern expressed a downturn
pattern from the first time point –T60, and 227 genes were found to express similarly
from our data. Several operons have been discovered from this set of data including ribosomal genes, cell wall synthesis genes, purine nucleotides de novo biosynthesis, pyrimidine synthesis, ATP synthase, and ABC transporters, It was noted that housekeeping
sigma factor sigA expressed similarly and most of genes within this pattern are under
control of SigA.
There are 43 genes showed unusual pattern which were highly induced at T0
(260min) but their expressions were repressed in stationary phase, and we categorized
them as pattern 2. sigB and its regulatory genes displayed a similar pattern indicated SigB
may play an important role in the T0 which helps cells adapt changes from transition
phase to stationary phase. Within the regulon, several genes including sodA, ydbP and
yraA seemed more likely under control of PerR which respond to oxidative stress.
Except the genes that aforementioned, surprisingly, 62 of Bacillus genes showed
progressively induction in stationary phase, and those genes were grouped as pattern 3.
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We have noted that several operons that in this pattern are under control of SigW, and
indeed, sigW showed an induction in stationary phase implied the important influence of
SigW in stationary phase. The genes that under control by SigW are mostly antitoxin resistance genes and membrane stress response genes. Other than SigW regulon, we also
observed a set of oxidative stress response genes was highly induced in this stage suggests high concentration of oxidant and thio-depleting agents in stationary phase. Besides, phosphate starvation related genes and fructose metabolism genes were also found
to be induced in stationary phase indicated a high demand on phosphate and a switch
from glucose to fructose as the major carbon source.
Strikingly, secY and yidC homolog spoIIIJ draw a downturn on their expression
while secA and signal peptide peptidase I progressively induced simultaneously in stationary phase implicated the stress response on the absence of secYEG and SecA may compensate it on Sec depend secretion in stationary phase. Besides, five ribosomal genes, fusA, and tufA were induced in the stationary phase suggests other functions behind ribosomal proteins or elongation in stationary phase.
Taken together, we first provide solid evidence to prove the secretion of signalless protein is not due to cell lysis, second, the requirement of the hydrophobic helix for
enolase secretion in B. subtilis and E. coli demonstrated another tier of evidence that
there is a mechanism involved which is needed to be further investigated. In addition,
GFP fusion experiments confirmed the N-terminal of enolase is capable to work as an
internal signal. On the other hand, transcriptome data provided another point of view to
understand the physiology of B. subtilis at different growth stages.
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Appendix I.

Genechip raw data of Bacillus subtilis at different growth stages
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